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Preface to “Authenticity of Honey: Characterization,
Bioactivities and Sensorial Properties”

Honey is a natural food product with significant nutritional value, and several studies have
proved its health-beneficial properties. The floral source of honey is one of the most significant factors
contributing to the composition of honey, as it incorporates the nectar available to be transferred
by bees during honey production. The chemical composition, stability and authenticity of honey
are integral in determining the quality of this product. Hence, unifloral honey authentication
requires different analytical procedures including sensorial profile, quality parameters and pollen
analysis combined with statistical evaluation. There is a demand for this type of study because
consumers request a greater variety of correctly characterized unifloral honeys in the market and with
more information on their functional and healing properties. Therefore, establishing well-defined
quality criteria and their origin guarantees the appreciation of honey in the market both locally and
internationally.

This book aims to collect interdisciplinary approaches that combine physicochemical,
palynological, sensory analyses and statistical treatments as tools for the authentication of honey
as food. Finally, the editors appreciate the efforts of all the authors who participated in this Special
Issue with their contributions.

Olga Escuredo and M. Carmen Seijo
Editors
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Honey is a natural product well known for its beneficial properties, which depend
on its composition. This composition of honey is related to its botanical and geographical
origin, as well as its environmental and management conditions. Honey contains a wide
spectrum of components, many of which are phytochemicals found in plants; these include
compounds with highly demonstrated antimicrobial, antioxidant and anti-inflammatory
properties. Studies about the composition, properties, and botanical and geographical
origins of different honey types are relevant in society; they are especially relevant in the
honey market, as they provide knowledge to guarantee honey authenticity.

For years, the determination of the geographical and botanical origin of honey has
been based on the microscopic examination of its pollen profile. However, due to a lack of
specialists in palynology, there is a tendency to replace pollen analysis with instrumental
methods of finding biochemical markers for honey discrimination. Nevertheless, studies
on unifloral honey, particularly if they have similar physicochemical characteristics, need to
be complemented with palynological information to successfully discriminate its botanical
origin. Research based on botanical and geographical origin that delves into the chemical,
physical and health qualities—as well as the pollen profile—of honey as food is needed, to
valorize the product in the market both locally and internationally.

In this Special Issue, our aim is to publish research papers on the authenticity, charac-
terization, and biological properties of honey. Thus, various aspects of its physicochemical
composition, quality parameters, sensorial profile, functional properties, healthy com-
pounds, palynological characteristics, and the relationships of these factors with their
botanical and geographical origins, are discussed. Methods to identify the entomological
origin and possible adulteration of honey are also considered. The papers selected for this
Special Issue were subject to a rigorous peer review procedure, with the aim of rapid and
wide dissemination of research results, and their transfer to different stakeholders and the
scientific community.

The paper presented by Labsvards et al. [1] assessed the chemical profiles of 78 honeys
from Latvia (buckwheat, clover, heather, linden, rapeseed, willow, and polyfloral honey)
using light stable-isotope-ratio mass spectrometry (IRMS), ultra-high-performance liquid
chromatography coupled with high-resolution mass spectrometry (UHPLC-HRMS), and
nuclear magnetic resonance (NMR) methods. The researchers validated the floral origin of
honeys using melissopalynology. The study showed a combination of multiple analytical
and statistical methods to differentiate between various types of monofloral honey, and to
find adequate indicators for the classification of their botanical origins. Therefore, this study
reports on the botanical authentication and quality of honey from this geographical origin.

The study carried out by Vazquez et al. [2] showed that the combination of chromato-
graphic analysis with mass spectrometry detection and principal component analysis are
adequate to investigate the botanical authentication of honey from Northwest Spain. A
miniaturized, fast and environmentally friendly experimental procedure (VE-UAE) based
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on liquid chromatography-tandem mass spectrometry (LC-MS/MS) was successfully de-
veloped. Specifically, the statistical treatment—based on concentrations of total phenols,
antioxidant activity and individual phenolic compounds—revealed significant differences
according to the studied honey type, demonstrating that phenolic compounds can be used
as indicators to identify botanical origins.

A melissopalynological analysis and some physicochemical parameters of 45 unifloral
honeys (raspberry, mint, sunflower, thyme and rape) and polyfloral honeys from different
regions of Romania were analyzed by Pauliuc et al. [3]. Principal component analysis
confirmed the possibility of the botanical authentication of rape, sunflower and thyme
honey samples based on the following physicochemical parameters: moisture content, pH,
free acidity, electrical conductivity, hydroxymethylfurfural content, color, total polyphenol
content, flavonoid content, DPPH radical scavenging activity, phenolic acids, flavonols,
sugars and organic acids. However, the mint honey and raspberry honey were not satis-
factorily separated. The researchers highlighted sugars, individual phenolic compounds
and organic acids as the least influential compounds in the botanical origin of the studied
honey types. It is important to note that for better classification of honey;, it is necessary to
study a large number of samples from different botanical origins.

Homrani et al. [4] characterized 62 honey samples produced in different bioclimatic
areas of Algeria using palynology and their physicochemical properties. This paper
highlighted the great diversity of honey production in Algeria, evidencing the impor-
tance of honey characterization to guarantee authenticity and to valorize local production.
Some botanical taxa important for honey production, such as Eucalyptus, Brassica napus,
Hedysarum and Citrus, are common honey plants in Mediterranean areas. However, others
such as Capparis spinosa, Asparagus, Ziziphus lotus and some Apiaceae plants, are representa-
tive of the honey from this country, and are useful as markers to guarantee their authenticity.
Based on the combination of palynological characteristics, physicochemical parameters and
sensorial properties with statistical analysis, Ghorab et al. [5] differentiated 30 honey sam-
ples, produced in Babors Kabylia (North east of Algeria), by botanical origin. The pollen
spectrum performed revealed a great diversity in pollen types (96 pollen types), with the
main pollen types being the spontaneous species Fabaceae (Hedysarum, Trifolium, Genisteae
plants), Asteraceae plants, Ericaceae (mainly Erica arborea), Myrtus and Pistacia. This is the
first study to focus on sensory properties and their relationships with the botanical origin
and the physicochemical properties of honey from Algeria. Considering that this area is a
hotspot for biodiversity due to its high number of endemic plants, this study evidenced
the wide variety of honey types that can be obtained in the area. Further studies could
contribute to an increase in knowledge about these honey types and the most relevant plant
species for honey yield, and could contribute to the valorization of local beekeeping.

Bucekova et al. [6] reported the need to specify some additional standards on the
biological properties of honey. This study focused on evaluating the antibacterial activity,
the content of hydrogen peroxide (H,0O,) and the protein profile of 36 commercial honeys
purchased in Slovakia, both from local beekeepers and medical-grade (recommended for
treating infected wounds). More than 40% of the commercial honeys purchased presented
low antibacterial activity, which is indicative of artificial honey (only sugars). In general,
the honey samples exhibited high antibacterial activity, while generating low levels of
H,0;. On the other hand, the honey samples from local beekeepers showed superior
antibacterial activity compared to the medical-grade honeys. Tsavea et al. [7] demonstrated
the ability of pine honeydew samples produced across Greece to generate high levels
of HyO,, even higher than other types of honeydew honey. Furthermore, due to their
high polyphenol content, a strong antioxidant activity of the honey samples was also
denoted. The breakdown of H,O,, using a catalase treatment, into a honey solution
resulted in a significant decrease in antibacterial activity. Similarly, the digestion of honey
proteins by proteinase K resulted in lower antibacterial efficacy among the studied honey
samples, depending, again, on the specific bacteria. Thus, the results suggest multiple
underlying mechanisms of the antibacterial activity of pine honeydew honeys. These
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researchers demonstrated that the antibacterial activity of honey can be easily altered using
adulteration, thermal treatment or prolonged storage; therefore, it fulfils strict criteria to be
a suitable new quality standard [6,7].

Sun et al. [8] investigated the chemical composition and the biological and anti-
inflammatory activities of Safflower honey from Northwest China, produced using nectar
from the medicinal plant Carthamus tinctorius. The extract of this medicinal plant was
studied as it has very interesting biological activity properties, but the chemical and
biological composition of honey from this botanical origin has been poorly evaluated. The
results of the study revealed a great capacity to capture DPPH and ABTS+ free radicals
of Safflower honey in vitro [8]. The special antioxidant and anti-inflammatory properties
of safflower honey revealed its potential as a novel functional food. Despite being a little-
studied honey, the future of this type of honey is encouraging due to its biological qualities
and excellent nutritional value.

Xagoraris et al. [9] analyzed the main volatile compounds of 25 autumn heather honeys
from the indigenous Greek Erica manipuliflora using solid-phase microextraction (SPME)
methodology, followed by gas chromatography—mass spectrometry (GC-MS). This is the
first study to identify a volatile profile of honey from E. manipuliflora. Optimal method
conditions were proposed for all the dominant volatile compounds, and predictive models
were provided to evaluate each volatile compound separately. The objective of this study
was to reinforce the characterization of this honey type.

Non-destructive characterization tools for quality control and the physicochemical
compounds of honey, based on the principles of spectroscopy, are considered in this Special
Issue [10]. Prediction models using portable near-infrared (MicroNIR) spectroscopy and
reference physicochemical parameters of honey were developed to authenticate 100 honey
samples from Northwest Spain. Using multivariate and partial least square regressions,
the authors developed excellent models for moisture, hydroxymethylfurfural, color and
total flavonoids, as well as acceptable statistics for electrical conductivity, pH and total
phenols. Nevertheless, further experiments are proposed, to build a robust database that
could support the use of this equipment as a quick alternative for honey authentication.

In addition to the identification of pollen grains, a great variety of particles in honey
sediment can be found using microscopic analysis. Magyar et al. [11] identified some
airborne particles present in honey from Poland and Tunisia, which provided information
for the identification of its geographical origin. The study was based on the high percentage
of anemophilous pollen grains and spores, and the great variety of particles found in the
honey sediment. The presence of siliceous marine microfossils was related to the character-
istics of the areas in which the honey was produced. The silicoflagellates are deposited from
the air onto nectareous flowers and, consequently, bees transport them to their hives. These
authors concluded that the silicoflagellates could be used as complementary indicators of
the geographical origin of honeys collected in areas characterized by diatomite outcrops.
This is the first document that provides a record of microfossils in honey, represented by
silicoflagellates, diatoms and endoskeletal dinoflagellates.

Finally, this Special Issue includes a study on the importance of differentiating the
entomological origin of honey [12]. Apis mellifera honey, A. cerana honey and A. dorsata
honey are the three dominant honey types in the Asian market. Some studies indicate that
A. dorsata honey has higher antioxidant properties and medical values than A. mellifera
honey. A. dorsata honey and A. cerana honey are vulnerable to adulteration (as a result
of false geographical and botanical origin, or from mixing their composition with sugars
or syrups), due to the higher price in the market compared to A. mellifera honey [12].
Therefore, it is important to develop fast, reliable and cost-effective identification methods
to determine the honey’s origin. Mohamadzade et al. [12] proposed a rapid and accurate
PCR-based method. In this study, three species-specific primers were designed to amplify
the short part of the NADH dehydrogenase 2 (ND2) region of mtDNA. At the same time,
with this method, the authors detected a mixture of A. mellifera honey with A. dorsata and A.
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cerana honey. Additionally, honey samples from different countries were used to evaluate
the accuracy of the developed method.

In summary, the papers published in this Special Issue cover different analytical
procedures for the identification of the botanical and geographical origins of honey. Au-
thentication of the botanical and geographical origin of honey requires multiple analytical,
statistical and mathematical methods for the determination of chemical compounds, and
also requires the characterization of its sensory properties and pollen profile. The papers
aim to report the sensory, chemical, nutritional, health and physical qualities of honey
produced in different regions worldwide. New technologies looking for different purposes
were even successfully adapted to the matrix of honey. The global trend towards healthy
foods with high nutritional value arouses curiosity and sparks multidimensional and
multidisciplinary approaches, as shown in the documents described above. The authors
who have contributed to this issue inform the scientific community about the problem of,
and the interest in, the authentication of honey as a food, which will undoubtedly help to
deepen future studies.

Author Contributions: O.E. and M.C.S. contributed equally to the writing and editing of the editorial
note. All authors have read and agreed to the published version of the manuscript.
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Abstract: Pine honey is a honeydew honey produced in the East Mediterranean region (Greece and
Turkey) from the secretions of the plant sucking insect Marchalina hellenica (Gennadius) (Coccoidea:
Marchalini-dae) feeding on living parts of Pinus species. Nowadays, honeydew honey has attracted
great attention due to its biological activities. The aim of this study was to study unifloral pine
honey samples produced in Greece regarding their physicochemical parameters and antioxidant
and antibacterial activity against five nosocomial and foodborne pathogens. These honeys showed
physicochemical and microscopic characteristics within the legal limits, except for diastase activity, a
parameter known to be highly variable, depending on various factors. Substantially higher levels
of H,O, were estimated compared to other types of honeydew honey, whereas protein content
was similar. The total phenolic content was 451.38 + 120.38 mg GAE/kg and antiradical activity
ranged from 42.43 to 79.33%, while FRAP values (1.87 to 9.43 mmol Fe*?/kg) were in general
higher than those reported in the literature. Various correlations could be identified among these
parameters. This is the first attempt to investigate in depth the antibacterial activity of pine honey
from Greece and correlate it with honey quality parameters. All tested honeys exerted variable but
significant antibacterial activity, expressed as MIC and MBC values, comparable or even superior to
manuka honey for some tested samples. Although honey antibacterial activity is mainly attributed to
hydrogen peroxide and proteins in some cases (demonstrated by elevated MICs after catalase and
Proteinase K treatment, respectively), no strong correlation between the antibacterial activity and
hydrogen peroxide concentration or total protein content was demonstrated in this study. However,
there was a statistically significant correlation of moisture, antioxidant and antibacterial activity
against Klebsiella pneuomoniae, as well as antioxidant and antibacterial activity against Salnonella ser.
Typhimurium. Interestingly, a statistically significant negative correlation has been observed between
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diastase activity and Staphylococcus aureus antibacterial activity. Overall, our data indicate multiple
mechanisms of antibacterial activity exerted by pine honey.

Keywords: honeydew; pine honey; physicochemical parameters; melissopalynology; sensory evaluation;
bioactivity; antimicrobial; antioxidant

1. Introduction

Honey is a sweet, supersaturated solution of carbohydrates, composed of glucose,
fructose, oligo- and polysaccharides, water, and other substances, such as proteins, en-
zymes, vitamins, minerals, phenolic compounds and amino acids that are of nutritional and
health significance [1]. The chemical composition of honey and physicochemical parame-
ters are variable and related to the botanical origin, geographic area and environmental
conditions [2,3].

Pine honey is a honeydew honey produced by honeybees from the secretions of the
plant sucking insect Marchalina hellenica (Gennadius) (Coccoidea: Marchalinidae) feeding
on living parts of Pinus species. It is a typical honeydew honey, with high ash content,
pH value and electrical conductivity. Additionally, the fructose and glucose content are
low; therefore, its tendency to crystallize is low. This type of honey is produced in the
Mediterranean region and specifically in Greece and Turkey. It constitutes 60-65% and
50% of the total annual honey production in Greece and Turkey, respectively [4]. It is of
high nutritional value due to, among others, its high content of minerals such as potassium,
calcium, iron, phosphorus, magnesium, sodium and zinc [5].

Greek legislation has adopted the Council Directive 2001/110/EC [6] regarding the physic-
ochemical properties of honey. In addition, the Government Gazette B-239/23-2-2005 [7] de-
scribes the required properties for monofloral Greek honey varieties, according to which the
electrical conductivity of Greek pine honey must be higher than 0.9, while also the presence
of honeydew elements must be significant.

In recent decades, scientific interest has been focused on the antibacterial activity
of diverse types of honey against clinical and foodborne pathogens [8-16] as well as on
antioxidant activity [12,17-20]. Recently, honey antibacterial activity has been proposed
as a valuable parameter determining its quality which takes into account the biological
properties of honey [21].

Hydrogen peroxide (H,0O,) is often considered as the major antibacterial compound
of honey and it is produced by the enzyme glucose oxidase, which converts glucose into
gluconic acid [22]. Several studies have clearly demonstrated the strong correlation be-
tween the antibacterial activity and the presence of H,O, in certain types of blossom
honeys [23-27]. However, a recent study by Farkasovska et al. [25] reported a weak or no
correlation between antibacterial activity against particular bacteria and H,O, concentra-
tion in linden honey samples. Similarly, despite the high level of H,O, measured in Slovak
honeydew honeys, no significant correlation was found between their overall antibacterial
activity and the level of HyO, [28]. In addition to H,O,, peptides and proteins such as bee
defensin-1 and MRJP glycoproteins have been isolated from various honeys exhibiting an-
tibacterial activity through cell lysis [29,30]. Additionally, phytochemicals such as phenolic
compounds may significantly contribute to the antibacterial and antioxidant activity of
honey, in particular honeydew honey [31].

A small fraction of honey’s composition (2-5% of honey dry weight) contains com-
pounds responsible for a plethora of biological properties, such as anti-inflammatory,
antimicrobial antimutagenic, antioxidant, antiproliferative and antithrombotic [32,33].
The antioxidant activity involves the deactivation of free radicals, and it is classified into
two mechanisms: hydrogen atom transfer (HAT) and electron transfer (ET). In the for-
mer, a hydrogen atom is donated to the radical, while in the latter, a single electron is
transferred [34]. Phenolics are a class of phytochemicals that are primarily responsible for
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the antioxidant activity exerted by honey. Other non-phenolic compounds with the same
activity are enzymes (catalase and peroxidase), ascorbic acid and carotenoids. Phenolic
compounds that have been reported in honey include phenolic acids (coumaric, caffeic,
ellagic, ferulic and chlorogenic acids) and flavonoids (chrysin, kaempferol, pinosembrin,
quercetin, galangin, hesperetin, and myricetin) [35]. Very often, the presence of these
compounds is expressed as total phenolic content, and it is positively correlated with the
antioxidant capacity as well as antibacterial activity of the tested honey [27,34].

The aim of this study was to characterize unifloral pine honeys produced in Greece
regarding their physicochemical parameters, antioxidant activity as well as their antibacte-
rial activity against nosocomial and foodborne pathogens. To the best of our knowledge,
this is the first in-depth attempt to investigate the antibacterial activity of pine honey from
Greece and correlate it with various honey properties.

2. Materials and Methods
2.1. Honey Samples

Twenty-seven pine honey samples from diverse locations in Greece (Figure 1) were
selected from samples collected in the framework of the national Emblematic Action
“The Honeybee Routes”. The classification as pine honey was based on the organoleptic,
microscopic (honeydew elements) and electrical conductivity (>0.9 mS/cm) measurement
(Table S1, Figure S1).

sy

Figure 1. Locations of collected pine honey samples across Greece.

All samples were stored in glass containers at —18 °C until analysis. Before all assays,
the samples were homogenized by stirring thoroughly for at least 3 min. Crystalized
samples were liquefied in gentle heat of less than 40 °C for 5 min. Manuka honey UMF
24+ (MGO 1122) (Steens™, New Zealand, LOT 20NZH18) was used as reference honey to
compare antibacterial activity of pine honey samples.
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2.2. Microscopic Examination

Microscopic examination was performed according to von der Ohe et al. [36]. Hon-
eydew elements (HDE) have been counted and the ratio HDE/P (Pollen) is given as the
number of honeydew elements over the number of pollen grains from nectariferous plants.
Quantitative melissopalynological analysis was based on the method of Yang et al. [37] and
results are expressed as total number of all pollen grains (PG) in 10 g honey.

2.3. Physicochemical Parameters

All measurements of the physicochemical parameters were performed in duplicate
(n = 2) unless otherwise stated.

2.3.1. Reagents

Glycerol standard (>99%) and starch soluble (for analysis) were purchased from Merck
(Darmstadt, Germany). Glacial acetic acid (>99.8%), potassium iodide (>99.5%), sodium
chloride (>99.5%), sodium hydroxide (>98%) and buffer solution (pH 4, 7 and 10) were
purchased from Honeywell (Charlotte, NC, USA). Sodium acetate trihydrate (99%) was
purchased from PENTA chemicals (Prague, Czech Republic) and conductivity standard
(1413 uS/cm, 20 °C) was purchased from LLG International (Meckenheim, Germany). Io-
dine (99.5+) and zinc acetate dihydrate (for analysis) were from Fisher Chemical (Waltham,
MA, USA). Potassium hexacyanoferrate (II) trihydrate (98+%) was purchased from Alfa
Aesar (Ward Hill, MA, USA). Sodium bisulfite was purchased from Acros Organics (Geel,
Antwerp, Belgium).

2.3.2. Moisture Content

Moisture content at 20 °C was determined from the refractive index of honey using a
honey refractometer (Hanna, HI, USA). Initially, 2 g of honey was weighed and liquefied in
an ultrasonic bath for a few minutes at 35 °C. Then, a small amount of liquefied, homoge-
nized sample was spread on the surface of the prism and we marked the measurement on
a percentage scale.

2.3.3. pH and Free Acidity

The determination of pH and free acidity was held by titration to pH 8.3 at 20 °C, ac-
cording to the ‘Harmonised Methods of the International Honey Commission (IHC) [38]. A
pH/conductivity device (Hanna, HI 9811-5, USA) was employed. The free acidity of honey
measured the content of free acids, expressed in milliequivalents/kg honey (meq/kg).

2.3.4. Electrical Conductivity

Electrical conductivity at 20 °C was determined with the aforementioned portable
pH/conductivity device, following the method of the IHC, except for the amount of honey
which was reduced to 5 g (from 20 g in the initial method) as it was found to give the same
results (data not shown). Results are expressed in mS/cm [38].

2.3.5. Color Analysis

Color measurements were performed using a color photometer (Hanna, HI 96785,
USA), that measures the light transmittance of honey compared to analytical-grade
glycerol. Honey samples of about 2 g were warmed gently in an ultrasound bath for
a few minutes at 35 °C. The liquid honeys without air bubbles were transferred into
a plastic cuvette and the color was read. Color grades were expressed in millimeters
(mm) Pfund scale [24].

2.3.6. Hydroxymethylfurfural (HMF) after White

For the estimation of HMF content after White, a UV-VIS Spectrophotometer (Shimadzu,
UV-1700, Japan) was employed according to the ‘Harmonised Methods of the IHC" [38].
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The method determines the concentration of 5-(hydroxymethyl-)furan-2-carbaldehyde. Re-
sults were expressed in milligrams per kilogram (mg/kg).

2.3.7. Diastase Activity (DN) after Schade

The procedure followed was in accordance with the respective method of IHC. For
each sample of honey, a repeater was prepared to achieve accuracy in the result and
calculate the repeatability (r). The unit of measurement of the enzyme is the unit DN
(diastase number) which corresponds to the amount of enzyme needed for breaking down
0.01 g of starch in 1 h at 40 °C [38].

2.3.8. Sugars

For the determination of fructose, glucose and sucrose, a High-Performance Lig-
uid Chromatography with Refractive Index Detector (HPLC-RID) technique was used.
The preparation of the samples was achieved according to the literature [38], while for
the separation and detection, the following parameters were used: column: Zorbax Car-
bohydrate Analysis (4.6 mm ID x 150 mm x 5 pum), temperature 35 °C, mobile phase:
acetonitrile/water (75/25, v/v), flow rate: 1.8 mL min~!. For the quantification, a five-point
calibration curve was created and evaluated for each sugar.

2.4. Sensory Evaluation

For the sensory evaluation of samples, a two-round procedure was applied. At the
first one the trained testers checked the botanical origin of the sample answering with
Yes/No to the question: is the sample pine honey? At the second round, applied only
for pine honeys, evaluating the visual, taste and aromatic characteristics, samples were
classified in three levels: 3. very good, 2. medium, 1. good evaluated pine honey [39].

2.5. Bacterial Strains and Growth Conditions

All tested bacterial strains were isolated, identified and characterized by standard
laboratory methods (kindly provided by Professor Spyros Pournaras, School of Medicine,
University of Athens, Athens, Greece). Antibacterial activity of pine honeys was tested
against Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa, Salmonella
ser. Typhimurium and Staphylococcus aureus. The bacteria were routinely grown in Mueller
Hinton Broth or Mueller-Hinton Agar (Lab M, Bury, UK).

2.6. Determination of Minimum Inhibitory Concentration (MIC)

The determination of minimum inhibitory concentration (MIC) of tested honeys was
carried out in sterile 96-well polystyrene microtiter plates (Kisker Biotech GmbH & Co.
KG, Steinfurt, Germany) using a spectrophotometric bioassay as described by Tsavea
and Mossialos [40]. Approximately 5 x 10* CFUs in 10 uL Mueller-Hinton broth was
added to 190 uL of twofold diluted test honey (including manuka honey) at different
concentrations which ranged from 25 to 0.78% (v/v). As control, Mueller—-Hinton broth
inoculated with bacteria was used. Optical density (OD) was determined at 630 nm using
an ELx808 absorbance microplate reader (BioTek Instruments, Inc., Winooski, VT, USA),
at t = 0 (prior to incubation) and after 24 h of incubation (t = 24) at 37 °C. The OD for
each replicate well at t = 0 was subtracted from the OD of the same replicate well at t = 24.
The following formula was used to determine the growth inhibition at each honey dilution:
% inhibition = 1 — (OD test well/OD of corresponding control well) x100. The MIC was
determined as the lowest honey concentration which results in 100% growth inhibition [40].
MICs were determined in triplicates in at least two independent experiments.

2.7. Determination of Minimum Bactericidal Concentration (MBC)

Minimum bactericidal concentration (MBC) is the lowest concentration of any
antibacterial agent that could kill tested bacteria. In order to determine the MBC, a
small quantity of sample contained in each replicate well of the microtiter plates was
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transferred to Mueller-Hinton agar plates by using a microplate replicator (Boekel
Scientific, Feasterville, PA, USA). The plates were incubated at 37 °C for 24 h. The MBC
was determined as the lowest honey concentration at which no grown colonies were
observed [41].

2.8. Determination of HyO, Accumulation in Honey Samples

The ability to generate H,O, in the diluted honey samples was determined using a
Megazyme GOX assay kit (Megazyme International Ireland Ltd., Wicklow, Ireland) with
some modification [27], which is based on the release of H,O, after GOX catalysis of the
oxidation of 3-D-glucose to D-glucono-d-lactone. As a standard, 9.8-312.5 uM diluted H,O,
was used. A total of 40% (w/w) of the honey solutions in 0.1 M potassium phosphate
buffer (pH 7.0) were prepared and incubated for 24 h at 37 °C. Each honey sample and
H,0, standard were tested in duplicate in a 96-well microplate. The resultant H,O, reacts
with p-hydroxybenzoic acid and 4-aminoantipyrine in the presence of peroxidase to form
a quinoneimine dye complex, which has a strong absorbance at 510 nm. The absorbance
of reaction was then measured at 510 nm using a Synergy HT microplate reader (BioTek
Instruments, Winooski, VT, USA).

2.9. Total Protein Content

Total protein content was measured using Quick Start™ Bradford reagent (Bio-Rad,
Hercules, CA, USA) according to manufacturer’s instructions.

2.10. Determining the Protein Profile of Honey Samples

For protein determination, 15 uL aliquots of diluted honey samples (50% w/w in
distilled water) were loaded on 12% SDS-PAGE gels [Acrylamide/Bis solution, 37.5:1 (40%
w/v),2.6% C] and separated using a Mini-Protean II electrophoresis cell (Bio-Rad, Hercules,
CA, USA). Protein content was assessed after gel staining with Coomassie Brilliant Blue
R-250 (Sigma-Aldrich, Darmstadt, Germany).

2.11. Determination of the Antibacterial Activity Due to HyO; and Proteinaceous Compounds

The MIC of honey treated with bovine catalase or proteinase K was determined and
compared with that of untreated honey [40]. Briefly, 50% (v/v) honey in Muller-Hinton
broth containing 100 pg/mL proteinase K (Blirt, Gdansk, Poland) or 600 U/mL bovine
catalase (Serva, Heidelberg, Germany) was incubated for 16 h at 37 °C and then tested after
being diluted twofold.

2.12. Total Phenolic Content (TPC) and Antioxidant Activity
2.12.1. Reagents

All the solvents used were of analytical grade. Methanol was purchased from Sigma-
Aldrich Co (St. Louis, MO, USA). Sodium carbonate, L-ascorbic acid, 2,2-diphenylpicrylhydrazyl
(DPPH.), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), gallic acid (97.5%), fructose (>99.5%), glucose
(>99.5%), maltose monohydrate (>99%), sucrose (>99.5%), Sigma-Aldrich Co (St. Louis, MO,
USA). Folin—Ciocalteu (2N) phenol reagent, Iron (II) chloride hexahydrate and Iron (II) Sulfate
heptahydrate (FeSOy4-7H,O) were from Honeywell-Fluka (Harvey St., Muskegon, MI, USA).

2.12.2. Sample Preparation

Five grams of honey was dissolved in 50 mL of distilled water. To eliminate the
interferences of reducing sugars, the blank measurements were performed using an artificial
honey containing: 40% fructose, 30% glucose, 8% maltose, 2% sucrose and 20% water [42].
All measurements were performed in triplicate (1 = 3).

2.12.3. Total Phenolic Content (TPC)

The total phenol content was determined by a modified colorimetric assay using
the Folin-Ciocalteu reagent [43,44]. Briefly, honey samples were dissolved in distilled
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water (0.1 g/mL), until a clear solution was obtained. Then, 100 uL of the honey
solution was added to 1000 uL of Folin-Ciocalteu reagent previously diluted 1:10 with
distilled water. After one minute, 300 pL of saturated sodium carbonate (Na,CO3)
solution was added. The mixture was vortexed for 2 min, and the content was trans-
ferred into a 1.5 mL cuvette; absorbance was determined after one hour of incubation
in the dark at 750 nm against a blank solution. A calibration curve was constructed
with gallic acid (0.02-0.2 mg/mL) and the results were expressed as mg of gallic acid
equivalents (GAE) per kg of honey.

2.12.4. Ferric Reducing Antioxidant Power (FRAP)

The reducing capacity of honey was estimated by the FRAP assay. This method
involves the reduction of the ferric 2,4,6-tripyridyl-s-triazine complex (Fe*3-TPTZ) to its
ferrous, colored form (Fe*2-TPTZ) in the presence of antioxidants [45]. The FRAP reagent
consists of 2.5 mL of 10 mM of TPTZ (2,4,6-tripyridyl-s-triazine) solution in 40 mM HCI,
2.5mL of 20 mM of FeClz and 25 mL of 0.3 mM of acetate buffer, pH 3.6. Aliquots of
100 puL of the honey solution (0.1 g/mL) were mixed with 900 uL of FRAP reagent and
the absorbance of the reaction mixture was measured at 593 nm after incubation at 37 °C
for 30 min. A standard aqueous solution of FeSO4-7H,0O (0.05-0.5 mM) was used for the
construction of the calibration curve and the results were expressed as mmol Fe*2/ Kg
of honey.

2.12.5. Antiradical Activity (DPPH)

The radical scavenging activity of honey was estimated spectrophotometrically us-
ing the stable free radical 2,2-diphenyl-1-picryl-hydrazile (DPPH). The principle of the
method is based on the discoloration (purple) of DPPH solution in the presence of an
antioxidant [46]. In short, 0.75 mL of DPPH solution (136 uM) was mixed with 0.375 mL
of the honey solution (0.1 g/mL). The mixture was shaken vigorously and then incu-
bated for 60 min at 25 °C in the dark; the absorbance of the remaining DPPH was de-
termined at 517 nm against a blank solution. The scavenging activity was expressed
as a percentage of absorbance reduction (RSA%) according to the following equation:
RSA % =[(At=0 — At=60)/ At =0] x 100, where A; - is the absorbance of the solution at
t =0 min and A; - ¢ is the absorbance of the DPPH solution after 60 min of incubation [47].
All measurements of standards and samples were performed in triplicate.

2.13. Statistical Analysis

Correlation analysis was conducted using Spearman’s correlation analysis. Data from
Table S1 were tested to study any correlation among the variables. Values of p < 0.05
indicated statistically significant differences. Statistical analysis was performed using the
SPSS version 13.0 statistical package (SPSS, Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Microscopic Examination

A significant number of honeydew elements were detected in all honeys. The great
majority of the samples also contained fungal spores which are present solely in pine hon-
eys [48]. The HDE/P ratio showed a great variation and was on average 8.23 & 16.98, while
the total number of pollen grains in 10 g of honey was 57 871 + 55 867 (Tables 1 and S1). In
about half of the samples, the HDE/P ratio was below 3, which is the minimum value for
honeydew honeys proposed in the past [49]. However, later studies have shown that the
HDE/P ratio of honeydew honeys may vary and Greek pine honeys have relatively few
honeydew elements and large numbers of pollen grains [39,48,50-53]. Thus, the samples
were considered typical Greek pine honeys.
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Table 1. Mean values of physicochemical parameters.

Mean SD Min Max
Moisture (%) 16.1 1.0 14.0 18.2
pH 47 0.2 4.0 5.0
Free Acidity (meq/kg) 25.5 4.6 18 38
Electrical conductivity (mS/cm) 1.11 0.13 091 1.36
Color (mm Pfund) 91.9 159 60 118
HMF (mg/kg) 1.00 1.25 0 442
Diastase activity (DN) 20.90 8.71 6.95 37.29
Fructose (%) 31.81 2.64 259 39.2
Glucose (%) 25.94 4.30 144 33.2
Fructose + Glucose (%) 57.75 6.15 457 69.8
Fructose/Glucose 1.26 0.23 1.02 217
HDE/P 8.23 16.98 0.13 83.78
PG/10gr 57,871 55,867 4994 232,443
H,O, (uM) 3341 921 1911 5620
Protein (ug/g of honey) 552 128 301 827
TPC (mgGAE/kg) 451.38 120.38 277.07 693.32
FRAP (mmol Fe*?/kg) 491 1.85 1.87 9.43
DPPH (RSA%) ! 60.11 9.21 42.43 79.33

T RSA: Radical Scavenging Activity. SD: Standard Deviation.

3.2. Physicochemical Parameters

The average physiochemical parameters of pine samples are presented in Table 1
(full data are available as Supplementary Materials Table S1). Moisture content, pH value
and free acidity averaged 16.1 £ 1.0%, 4.7 & 0.2 and 25.5 + 4.6 meq/kg, respectively,
values in accordance with previous publications regarding pine honey produced in Greece
and Turkey [54-58]. Electrical conductivity values ranged between 0.91 and 1.31 mS/cm,
averaging 1.11 & 0.13 mS/cm. Moisture, free acidity, and electrical conductivity values
are within legal requirements [6,7] for unifloral Greek pine honey (less than 20%, less
than 50 meq/Kg honey and more than 0.9 mS/cm, respectively). Color values averaged
91.9 mm Pfund but presented high variability among samples (SD = 15.9). HMF was as
low as 1 £ 1.25 mg/Kg of honey, with seven samples having no HMF at all, with these
values being well below the legal limit of 40 mg/Kg. It is known that Greek pine honey has
a low tendency to form HMF [59], which may be attributed to the less acidic nature of pine
honey compared to other honey varieties. Fallico et al. [60] reported that, among others,
pH values were correlated with the formation of HMF in honey and high pH honeys had a
lower formation of HME. Diastase activity averaged 20.9 £ 8.71 DN which is in accordance
with previous works with Greek pine honey [56,57], but visibly higher than values reported
for Turkish pine honey [55,58].

It should be stated that a certain number of samples showed relatively low diastase
activity, two of them being slightly lower than the legislation limit of 8 DN (see Table S1).
Honey enzyme is affected by storage and exposure to high temperatures [61]; however, this
is not the case here as the samples are fresh. Fluctuation within a certain honey variety of
fresh honey samples is known and can be explained by poor processing of nectar by the
bees during an abundant nectar flow or seasonal activity of the pharyngeal glands [62], age
of the bees, environmental conditions and beekeeping practices [61].

Fructose concentration was higher than glucose, ranging from 25.87 to 39.22%, while
glucose from 14.38 to 33.20%. The average value for the sum of fructose and glucose was
found to be 57.75 & 6.15%, characteristic for a honeydew honey, like pine honey is. In all
samples this value (min = 45.65%, max 69.76%) covers the legislation level for honeydew
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honeys “more than 45 g/100 g honey” [6]. Fructose/glucose ratio averaged 1.27 proving
that pine honey has a moderate tendency to crystallize [63].

3.3. HyO, Concentration and Total Protein Content of Pine Honeys

Antibacterial activity of honey is mainly attributed to accumulated H,O; in diluted
honey. The average value of accumulated H,O, in 40% of honey solutions after 24 h was
3341 £ 921 uM and ranged from 1911 to 5620 uM (Table 1). The observed average ability of
pine honey samples to generate high levels of H,O; is substantially higher than in other
types of honeydew honey, whereas total phenolic content was similar in both groups of
honeydew honey samples [28]. In our previous study, the average value of HyO, of Slovak
honeydew honeys and blossom honeys was 1800 and 743 uM, respectively [27,28]. We
assume that polyphenolic compounds, including specific flavonoids, contribute to higher
levels of HyO, by their pro-oxidant activities and/or the ability to act as electron acceptors
in enzymatic reactions [28].

Apart from H,O,, defensin-1, an antibacterial bee-derived peptide found in honey,
can contribute to the overall antibacterial activity of honey [30,64]. However, the effective
concentration of defensin-1 at MIC of honeydew honeys is rather low and its contribution
seems to be significant only in blossom honey [28].

Although the overall protein content can vary from honey to honey, the profile of
the honey’s most abundant proteins is similar among natural honey of different botanical
and geographical origin. In the present study, the average of total honey protein content
was 552 + 128 ug/g, ranging from 301 to 827 pg/g (Table 1). The SDS-PAGE analysis
showed an identical protein pattern among pine honeydew honeys where MRJP1 was
the most dominant protein (Figure S2). These observations are in accordance with other
studies where MRJP1 protein was found to be the most prominent band in all tested honeys,
including medical-grade ones [65-67]. In fact, all major proteins identified in honey are
of bee origin [66,68] and are secreted by hypopharyngeal glands into the nectar during
collection and processing [69]. It has been proposed that some of these bee proteins and
peptides including MRJP1 and defensin-1 could be considered as markers of honey quality
and authenticity [30,70].

3.4. Total Phenolic Content (TPC) and Antioxidant Activity

Antioxidant activity is the outcome of different pathways which are not fully eluci-
dated. Numerous assays are commonly employed to determine the antioxidant effect of a
substrate. The lack of validated and standardized antioxidant protocols poses a challenge
when authors compare their data [42,71]. Therefore, data regarding the antioxidant activity
of pine honey are limited and discrepancies are observed.

In the present work, the total phenolic content was estimated to be 451.38 4= 120.38 mg
GAE/kg, which is in line with the majority of previously published data. Cavrar et al. [72]
studied pine honeys from northern Turkey and reported TPC values of 496 4 148 mg
GAE/kg. Similarly, Nayik et al. [73] determined the TPC of pine honeys from the Kashmir
valley and found values of 598.4 £ 3.3 mg GAE/kg. In another study of Turkish pine
honeys, Can et al. [33] found similar TPC values of 614.2 &+ 55.9 mg GAE/kg. Higher TPC
values were found by Karabagias et al. [74] (1583 + 338 mg GAE/kg) regarding pine honey
from Greece. In the lower range were the values by Ozkok et al. [75], reported for pine
honeys from Turkey (155.55 & 2.04 mg GAE/kg).

The antiradical activity of pine honeys was expressed as the percentage of the ab-
sorbance reduction (RSA%) of the stable DPPH radical at 517 nm. The values we measured
ranged from 42.43 to 79.33% which are in excellent agreement with previously published
data from Ekici et al. [76] (57.49 £ 20.15%) and Nayik et al. [73] (55.37 & 6.8%). The re-
ducing power of pine honeys was determined with the FRAP reagent and expressed as
mmolFe*?/kg. The values ranged from 1.87 to 9.43 mmol Fe*? /kg, and in general were
higher than those reported by Can et al. [33] (1.48 + 0.83 mmol Fe*?/kg).
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3.5. Correlations of Parameters

Correlations were looked into among physicochemical parameters using Spearman’s
rho test and the results are presented in Table S2. Moisture content was negatively correlated
with HyO, value (r = —0.471, p = 0.013). Free acidity and pH were negatively correlated
(r = —0.447, p = 0.019), which is logical since free acids contribute to a more acidic nature of
honey. In addition, free acidity was positively correlated with several parameters, namely
color (r = 0.577, p = 0.002), protein content (r = 0.556, p = 0.003), TPC (r = 0.592, p = 0.001),
DPPH (r = 0.410, p = 0.034) and FRAP (r = 0.493, p = 0.009). Color has been found to correlate
with TPC and DPPH [77]. Apart from free acidity, color was positively correlated with the
electrical conductivity (r = 0.482, p = 0.011), which was expected since minerals considerably
contribute to the color of honey [78] and has been demonstrated in the literature [79]. In
addition, positive correlations of color were found with H,O, (r = 0.381, p = 0.050), TPC
(r=0.399, p = 0.039) and FRAP (r = 0.547, p = 0.003). Dark honeys are known to have
higher antibacterial potential, which is partly connected to the HyO, value [80], yet this was
not shown in our work. In addition, phenolic compounds contribute to honey color [81]
and FRAP has been related to color intensity [82-84]. Diastase activity was negatively
related to fructose (r= —0.425, p = 0.027) for no apparent reason, and positively to protein
content (r = 0.590, p = 0.001), which was expected due to the protein nature of enzymes.
The HDE/P ratio was negatively correlated with fructose content (r = —0.422, p = 0.028)
and DPPH (r = —0.417, p = 0.030). H,O, value was strongly positively correlated with
protein content (r = 0.501, p = 0.008). Higher amount of protein could relate to a higher
amount of glucose oxidase which is involved in the production of hydrogen peroxide. As
expected, TPC, DPPH and FRAP showed a very strong positive correlation with each other
(r=0.637 and 0.684, p < 0.001). In the literature, correlations among these three parameters
depend on the honey type [17,81,85]. These data indicate that the antioxidant activity is
mainly attributed to phenolic compounds. FRAP values were positively correlated with
fructose/glucose ratio (r = 0.412, p = 0.033) and H,O; value (r = —0.497, p = 0.008). Finally,
HMF was not correlated with any other physicochemical parameter.

3.6. Antibacterial Activity of Pine Honey

Nosocomial infections are a major cause of high morbidity and mortality both in devel-
oping and developed countries. Most common nosocomial pathogens include
A. baumannii, P. aeruginosa, S. aureus and K. pneumoniae. Infections caused especially by
hypervirulent strains of those pathogens are very difficult to treat due to multidrug resis-
tance. Therefore, alternative therapeutic approaches to combat nosocomial infections are
urgently needed [86]. On the other hand, S. Typhimurium-related serotypes are implicated
in salmonellosis, the second most common gastrointestinal infection in Europe, thus leading
to serious public health issues and economic losses in the food industry [87].

It is generally acknowledged that MIC measurement in broth is a more sensitive and
quantitatively accurate method to study honey antimicrobial activity in comparison to an
agar-well diffusion assay due to slower diffusion rates of active substances in agar [9,33].
Therefore, MICs of honeys were determined in broth using a spectrophotometric-based assay.

Honey samples exerted antibacterial activity against all tested bacterial strains. MIC
and MBC values are presented in Table 2. MIC values of tested honeys against S. aureus
varied from 3.125% (v/v) to 12.5% (v/v). Nine honeys exhibited comparable MIC values
to manuka honey with an MIC of 3.125% (v/v). Regarding K. pneumoniae, the MIC values
of tested honeys varied from 6.25% (v/v) to 12.5% (v/v) while manuka’s MIC value has
been determined at 6.25% (v/v). Thirteen honeys demonstrated an MIC value equal to
manuka honey. Similarly, for honeys that tested against A. baumannii and S. Typhimurium,
the MIC values varied from 6.25% (v/v) to 25% (v/v), whereas the MIC value of manuka
honey has been determined at 6.25% (v/v). Five and twelve honey samples, respectively,
demonstrated MIC values equal to manuka honey. Interestingly, MIC values of honeys
tested against P. aeruginosa ranged from 6.25% (v/v) to 25% (v/v) whereas the MIC value
of manuka has been determined at 12.5% (v/v), meaning that two honey samples exerted
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superior antibacterial activity against this particular pathogen, while twenty-one honeys
were comparable to that of manuka.

Table 2. Antibacterial activity of pine honeys (1 = 27) compared to manuka honey expressed as MIC
and MBC values.

S. aureus A. baumannii K. pneumoniae S. Typhimurium P. aeruginosa
Honey Number

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

1 3.125 3.125 12.5 12.5 6.25 6.25 6.25 6.25 25 ND
2 3.125 3.125 12.5 12.5 6.25 6.25 6.25 6.25 25 ND
3 3.125 3.125 12.5 12.5 6.25 6.25 6.25 6.25 12.5 ND
4 3.125 3.125 12.5 12.5 6.25 6.25 6.25 12.5 25 ND
5 6.25 6.25 12.5 12.5 6.25 6.25 12.5 12.5 12.5 ND
6 12.5 12.5 25 25 12.5 12.5 12.5 12.5 12.5 ND
7 6.25 6.25 12.5 12.5 6.25 6.25 6.25 12.5 12.5 ND
8 3.125 3.125 12.5 12.5 6.25 12.5 12.5 12.5 12.5 ND
9 6.25 6.25 12.5 12.5 12.5 12.5 6.25 6.25 12.5 ND
10 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
11 12.5 12.5 6.25 6.25 6.25 6.25 6.25 6.25 12.5 ND
12 3.125 3.125 25 25 6.25 6.25 6.25 6.25 12.5 ND
13 6.25 6.25 25 25 6.25 6.25 6.25 6.25 12.5 ND
14 6.25 6.25 6.25 6.25 6.25 6.25 12.5 12.5 12.5 ND
15 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
16 3.125 3.125 6.25 6.25 6.25 6.25 6.25 6.25 6.25 ND
17 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
18 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
19 3.125 3.125 12.5 12.5 6.25 6.25 6.25 6.25 6.25 ND
20 6.25 6.25 12.5 12.5 12.5 125 12.5 12.5 12.5 ND

21 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 25
22 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
23 12.5 12.5 12.5 12.5 12.5 125 12.5 12.5 12.5 12.5

24 3.125 3.125 6.25 6.25 12.5 12.5 25 25 25 25
25 6.25 6.25 12.5 12.5 12.5 12.5 6.25 6.25 12.5 12.5
26 6.25 6.25 12.5 12.5 12.5 125 12.5 12.5 12.5 12.5
27 6.25 6.25 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5
Manuka 3.125 3.125 6.25 6.25 6.25 6.25 6.25 6.25 12.5 12.5

Values expressed as % (v/v). ND: Not Determined.

The variation in MICs could possibly reflect differential bacterial susceptibility due to
distinct antibacterial mechanisms. Furthermore, it has been shown that S. aureus, a Gram-
positive bacterium was, in general, more susceptible to honey and other bee products
compared to Gram-negative bacteria [12,88], which is in accordance with the present study.
However, in a recent study that tested blossom honeys from the Greek island of Lemnos,
it was demonstrated that Gram-positive bacteria were more resistant compared to the
Gram-negative bacteria [89].

In order to find out whether honey samples exert bacteriostatic or bactericidal activity,
MBC was determined (Table 2). The MBC values of all tested honey, including manuka
honey, against all tested bacterial strains were identical to the MIC values, demonstrating
that pine honey kills bacteria, not just inhibits their growth.

Overall, the antibacterial activity exerted by pine honeys, especially of those honeys
demonstrating superior or comparable activity to manuka, warrants further investigation.
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3.7. Antibacterial Activity of Pine Honey Could Be Attributed to Multiple Mechanisms

The underlying mechanisms that could contribute to exerted antibacterial activity
were further assessed in those honey samples demonstrating comparable or superior
antibacterial activity to manuka. In that respect, catalase-treated honeys demonstrated
higher MIC values up to 16-fold in some cases (some honeys against S. aureus, for instance)
compared to untreated samples (Figure S3). Of note, two honey samples tested against
P. aeruginosa did not demonstrate higher MICs after catalase treatment.

Similarly, after proteinase K treatment, 2 out of 14 honey samples tested against
P. aeruginosa, 9 out of 12 against S. Typhimurium, 10 out of 14 against S. aureus and 6 out of
11 against K. pneumoniae demonstrated higher MICs up to 4-fold. Surprisingly, no increase
in MIC value was observed for all tested honeys against A. baumannii after proteinase K
treatment, indicating that proteins present in honey that might exert antibacterial activity
have no effect on this certain pathogen (Figure S3).

Spearman’s analysis was performed to assess the correlation between the physico-
chemical parameters and antibacterial activity. It is shown (Table 3) that no correlation
between pH, HMF content, H,O, concentration and the antibacterial activity was observed.
Surprisingly, there is a statistically significant positive correlation of moisture and MIC
and MBC values against K. pneuomoniae, indicating that moisture negatively affects the
antibacterial activity against K. pneuomoniae. A statistically significant positive correlation of
antibacterial and antioxidant activity was observed for K. pneumoniae and S. Typhimurium.
Interestingly, a statistically significant negative correlation was observed between DN and
S. aureus’s MIC and MBC values, indicating that higher diastase activity correlates with
higher antimicrobial activity against S. aureus.

Table 3. Correlation coefficient (r) and significance (parenthesis) values calculated by Spearman’s
correlation analysis.

S. aureus A. baumannii K. pneumoniae S. Typhimurium P. aeruginosa

MIC MBC MIC MBC MIC MBC MIC MBC MIC

Mot 0.363 0.363 0.148 0.148 0481%  0.408* 0371 0.367 0.157
OISTIE  0.058) (0.058) (0.451) (0.451) (0.010) (0.031) (0.052) (0.054) (0.424)
. 0036  —0.036 0.137 0.137 0.117 0.127 0110 0213 0171

P (0.855) (0.855) 0487)  (0.487) (0.552) 0518  (0.579) 0.277) (0.385)
M 0092 —0.092  —0.065  —0.065  —0327  —0371  —0345  —0272 ~0.135
(0.641) (0.641) 0741)  (0.741) (0.089) 0.052)  (0.072) (0.161) (0.493)
DN —0584% —0584*  —0097  —0.097  —0155  —0161  —0194  —0.262 ~0.010
(0.001) (0.001) 0.624)  (0.624) (0.431) (0414)  (0324) (0.178) (0.960)
O 0242 —0242  —0297  —0297 0.137 0.232 0.155 0.098 ~0216
22 (0.215) (0.215) 0125  (0.125) (0.486) (0234)  (0.430) (0.620) (0.269)
Proged 0420*  —0420* 0197  —0197  —0137  —0089  —0125  —0.035 ~0.174
ORI (0.026) (0.026) 0316) (0316 (0.486) 0.651)  (0.528) (0.861) (0.377)
Tre 0.051 0.051 0285  —0.285 0.288 0411% 0316 0.346 ~0.101
(0.795) (0.795) 0142)  (0.142) (0.137) 0.030)  (0.102) 0.072) (0.609)
— 0.306 0.306 0365  —0365  0554*  0554%  0381* 0.371 ~0.190
(0.113) (0.113) 0.056)  (0.056) (0.002) 0.002)  (0.045) (0.052) (0.334)
RAD 0.136 0.136 0202 —0202  0563*  0.688*  0432*  0421* 0216
(0.490) (0.490) 0302) (0302 (0.002) 0.000)  (0.022) (0.026) (0.270)

* Correlation is statistically significant at the 0.05 level; ** Correlation is statistically significant at the 0.01 level.
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Opverall, our data indicate multiple mechanisms of antibacterial activity exerted by pine
honey. This is further supported by our recent study, whereas RNA —sequencing analysis
revealed that pine honey affected the transcriptomic profile of P. aeruginosa by inducing the
expression of 189 genes and by suppressing the expression of 274 genes [90]. Pine honey
treatment exerted a broad range of action on several pathways and biological processes,
including oxidative stress, transmembrane transport and regulation of DNA-templated
transcription, two-component regulatory systems, ABC transporters and SOS response.
Interestingly, pine honey downregulates key physiological responses in P. aeruginosa such
as quorum sensing, bacterial chemotaxis and biofilm formation [90].

4. Conclusions

In this study, 27 pine honeydew samples showed physicochemical and microscopic
characteristics within the legal limits, except for diastase activity, a parameter known to
be highly variable depending on many factors. The ability of pine honeydew samples to
generate high levels of H,O; is substantially higher than in other types of honeydew honey,
whereas protein content was similar. Furthermore, due to their high polyphenol content,
a strong antioxidant activity of honey samples was demonstrated. In addition, various
correlations were identified among these parameters.

The antibacterial activity of pine honeydew honey samples was variable and MICs
of honey solutions varied from 3.125 to 25% depending on the pathogen. The breakdown
of HyO, by catalase treatment into honey solution resulted in a significant decrease in
antibacterial activity. Similarly, the digestion of honey proteins by proteinase K resulted in
lower antibacterial efficacy among honey samples, again depending on specific bacteria.
Interestingly, the antibacterial activity of proteinase K-treated honey samples against A.
baumannii was not affected at all. Taken together, these observations suggest multiple
underlying mechanisms of antibacterial activity of pine honeydew honeys.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11070943 /s1, Table S1: Full data of each tested honey, Table S2:
Correlation coefficient (r, first value) and significance (second value) of physicochemical parameters
of pine honey calculated by Spearman’s correlation analysis, Figure S1: Sensory three—point scale
evaluation of pine honey samples, Figure S2: Protein profile of pine honeydew honey samples (1 = 27)
from Greece, Figure S3: MIC values after proteinase K (MICp) and bovine catalase (MICc) treatment
of honey samples.
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Abstract: Honey is a widely used natural product and the price of honey from Apis cerana (ACH) and
A. dorsata (ADH) is several times more expensive than the one from A. mellifera (AMH), thus there are
increasing fraud issues reported in the market by mislabeling or mixing honeys with different entomo-
logical origins. In this study, three species-specific primers, targeting the NADH dehydrogenase 2 (ND2)
region of honeybee mitochondrial DNA, were designed and tested to distinguish the entomological
origin of ACH, ADH, and AMH. Molecular analysis showed that each primer set can specifically
detect the ND2 region from the targeted honeybee DNA, but not from the others. The amplicon size
for A. cerana, A. dorsata and A. mellifera were 224, 302, and 377 bp, respectively. Importantly, each
primer set also specifically produced amplicons with expected size from the DNA prepared from
honey samples with different entomological origins. The PCR adulteration test allowed detection of
1% of AMH in the mixture with either ACH or ADH. Furthermore, real-time PCR and melting curve
analysis indicated the possible discrimination of origin of honey samples. Therefore, we provide the
newly developed PCR-based method that can be used to determine the entomological origin of the
three kinds of honey.

Keywords: honey; entomological origin; mitochondrial DNA; NADH dehydrogenase 2; PCR

1. Introduction

Honey is a sweet natural product produced by honey bees using the nectar, secretions
of living parts, or honeydew of plants [1,2]. Due to the broader geographical distribution,
Apis mellifera honey (AMH), A. cerana honey (ACH), and A. dorsata honey (ADH) are the
three dominant types of honey in the Asian market. Giant honeybee (Apis dorsata F.) is
distributed throughout South and Southeast Asia and China [3]. The colonies of A. dorsata
are generally found in rainforests or on the cliffs, but they also can be occasionally found
in building ledges of urban areas. Even though A. dorsata is not domesticated and cannot
be maintained for honey harvest or pollination purposes, it plays an important role in the
pollination of tropical rainforest plants and local crops [4-6]. Due to the fact that A. dorsata
is considered the most defensive honeybee compared to other Apis spp., ADH is harvested
by highly motivated experts (so-called honey hunters) [7]. Furthermore, ADH contains the
highest concentration of phenolic compounds and flavonoids compared to other honeys,
thus exhibiting high DPPH (2,2-diphenyl-1-picrylhydrazy) free radical-scavenging activity,
FRAP (Ferric reducing-antioxidant power assay) values and the lowest AEAC (Ascorbic
acid Equivalent Antioxidant Capacity) values, as well. This indicates that ADH has strong
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antioxidant properties and medical values [8,9]. Asian honeybee (A. cerana F.) is widespread
in South, South East, and Eastern Asia from Afghanistan to Far East Russia and Japan [10].
It is one of the domesticated honeybees; however, due to its lower productivity compared
to A. mellifera, most beekeepers prefer A. mellifera over A. cerana [11]. In addition, high
interspecific competition between A. mellifera and A. cerana on the same niche resulted in
the decline of A. cerana colonies in many countries such as China and Korea in the last
decades [11-13]. This led to lower production of ADH and ACH compared to AMH.

Although honey is one of the most widely consumed natural products, it is one of the
most counterfeited food products in the market [14]. Due to the fast growth of the human
population and the rising demands toward the consumption of organic and local products,
the entomological origin of honey has been taken into consideration. Therefore, the market
price of ADH and ACH is several times higher than AMH. This situation makes ADH
and ACH vulnerable to adulteration problems, either by mislabeling (claiming the false
geographical, botanical, or entomological origin of honey) or by mixing (overfeeding the
bees with sugars, adding sweeteners or syrups, and dilution with cheaper honey) in order
to increase the economic profit [2,3,15-19].Thus, it is important to develop rapid, reliable,
and cost-effective identification methods for the entomological origin of honey to solve the
adulteration problem in the market.

Molecular detection of the entomological origin of honey by using the set of specific
primers is regarded as a rapid, accurate, and suitable tool for the identification of the origin
of animal products and processed foods [20-23]. Considering the method of processing
honey by honeybees, the bee cells can remain inside of the honey. Given the opportunity to
extract bee DNA from honey; it is possible to use it for the identification of the entomological
origin of honey. Compared to the other identification methods for entomological origin of
honey, such as SDS-PAGE or chemical-based methods [12,24,25], the DNA-based method is
more precise, quick, and suitable for analysis of a large sample size [26]. Recently, several
studies were conducted using DNA-based methods to identify the entomological origin
of honey. Zhang et al. [26] developed a gDNA-based method for the identification of two
different major honeys, AMH and ACH, in the market. Two sets of primers were designed
to amplify Major royal jelly protein 2 (MR]JP2) gene, resulting in the different sizes of PCR
product in the gel electrophoresis, making it useful to discriminate ACH from AMH. In
addition, it is also possible to identify the honey samples through Real-Time PCR based on
their melting temperature analysis [26].

Mitochondrial DNA (mtDNA) is present in most cells with high copy numbers. It is
characterized by a high genetic variation between related species but a low intraspecific
variation [27-29]. Therefore, it is suitable to use mtDNA for taxonomic and phylogenetic
analysis. Targeting the cytochrome oxidase I (COI) gene of mtDNA, Kim et al. [30] designed
species-specific primers to differentiate ACH and AMH. PCR with designed primer sets
produced amplicons with a length of 133bp and 178 bp for A. mellifera and A. cerana,
respectively. Although the size of the amplicons is distinguishable and even applicable for
relatively old honey samples, Zhang et al. [26] reported the designed primers for A. mellifera
was not species-specific as they made the same length of band from ACH-originated DNA
extracts in China. Soares et al. [31] developed species-specific primers to amplify the
intergenic region of tRNAleu-cox2, enabling the detection of A. cerana DNA using PCR. In
addition, they discriminated ACH and AMH using high-resolution melting curve analysis
targeting the 165 rRNA gene, making it possible to detect the entomological origin of
ACH. However, the lack of species-specific primer designed for mtDNA of A. mellifera
makes it difficult to use it for adulteration studies. The only species-specific primer set
that is available to detect A. mellifera is provided by Zhang et al. [26]. However, the size
of the PCR product (~560 bp) is largely applied to relatively old honey samples due to
DNA degradation, and it is important to design species-specific primers targeting smaller
regions. On the other hand, there is no species-specific primer available for reliable and
cost-effective identification of the entomological origin of ADH.
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In this study, we aimed to develop a rapid and accurate PCR-based method to recog-
nize the entomological origin of ADH, ACH, and AMH. This method can also be applied
to discriminate between pure and adulterated honey. We also aimed to provide species-
specific primers targeting smaller parts of mtDNA to avoid the negative effect of possible
DNA degradation, which may happen during the storage of honey. In this study, three
species-specific primers for ADH, ACH, and AMH were designed to amplify the short
part of the NADH dehydrogenase 2 (ND2) region of the mtDNA. Our experiment suggests
that species-specific primer sets targeting ND2 not only successfully distinguished ADH,
ACH,s and AMH, but also detected mixed 1% AMH from ADH or ACH. Additionally,
several honey samples from different countries were used to evaluate the accuracy of the
developed method.

2. Material and Methods
2.1. Schematic Overview of the Experimental Design

In this study, 3 species-specific primer sets were designed to test the traceability of
the entomological origin of honey. The specificity and sensitivity of the primers were
tested first with the DNA extracts from honeybees with different geographical origins.
Then, the DNA extracts from artificially mixed honey samples were used to evaluate the
applicability of using designed primer sets in honey authentication. Subsequently, the
developed method was used to check the entomological origin of honey provided by honey
hunters and beekeepers (Figure 1).

Step1 \ Step2 \ / Step3 Stepd N

S Specificity and sensitivity test . .
ot ey Sstshg feney B
c

Download mitochondrial DNA
sequences from NCBI GenBank

Design species-specific primers for
ACH, ADH and AMH using OLIGO7

Using Primer-Blast to initially

determine the specificity of primers

for
molecular analysis
Extract DNA using DNeasy blood &
tissue kit

Specificity test of species-specific
prim

c honey samples

Mix AMH to ACH and ADH in
different proportions

Homogenization and DNA extraction
form honey samples using DNeasy
mericon Food Kit

Sensitivity test of species-specific

Authentication test of honey
samples

Collect honey samples from different
producers

Homogenization and DNA extraction
form honey samples

Test the purity of honey samples

-

Sensitivity test of species-specific
primers. primers using honey DNA extracts

N\

Figure 1. Schematic overview of the experimental design.

2.2. Designing Species-Specific Primers

NADH dehydrogenase 2 (ND2) region of mitochondrial DNA was used as a target area.
The complete mitochondrial genome sequence of A. cerana, A. dorsata and, A. mellifera
were obtained from NCBI (Table S2) and used for designing species-specific primers using
OLIGO 7 primer analysis software (Table 1). The Primer-BLAST tool was initially used to
determine primer specificity (http://www.ncbinlm.nih.gov/tools/primer-blast accessed
on 25 March 2020). Designed primers were synthesized by Macrogen (Daejan, Korea).
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Table 1. Specific-primers for honey identification, nucleotide sequence, primer length, and the
expected length of PCR product.

Species Primer 5'-3/ Length Target Fragment

AC-F TCATTAGATTTTACAAAATCAGATCA 26

A. cerana 224 bp
AC-R CTTATAACTAAATATGTTAATGATCATA 28
AD-F TATATTAATTGTTATAACTTACATAAATAA 31

A. dorsata 302 bp
AD-R GGATTAAGAATATATAATATTCATATTTT 29
AM-F CTATTAGATTTACTAAAACAGATACT 26

A. mellifera 377 bp
AM-R ATAATTAAATGAATATAAAATAATTATAGCA 31

2.3. Evaluate the Specificity and Sensitivity of Designed Primer Sets Using Bee DNA
- DNA extraction from honeybees

DNA extracts from adult or larvae samples of honeybees of A. cerana (5 adults from
Nepal, 5 adults from Korea), A. dorsata (5 larvae from Thailand, 5 adults from Nepal) and
A. mellifera (5 adults from Nepal, 5 adults from Korea) were used to test the specificity
and sensitivity of the primer sets. Bee DNA was extracted from the left hind leg of adult
honeybee or head and thorax part of larvae using DNeasy blood and tissue kit (Qiagen,
Hilden, Germany) following manufacturer’s instruction.

- Specificity and sensitivitytest of designed primers

The DNA extracts from honeybees with different geographical origins were used to
examine the specificity of the designed species-specific primers. The PCR procedure was
carried out in a 20 pL reaction volume mixture containing 100 ng of template DNA and
1uL of each primer (10 pmole/uL) using AccuPower PCR PreMix (Bioneer, Daejan, Korea).
The thermal cycling procedure contained an initial pre-denaturation at 95 °C for 5 min, and
35 cycles of 95 °C for 30 s, 52 °C for 30 s, 72 °C for 40 s, and a final extension of 72 °C for
5 min in a BIOER thermal cycler. 7 pL of PCR products were analyzed using 2.5% agarose
gel in TAE buffer and the bands were visualized by EcoDye (BIOFACT) and gel document
system (GSD-200D).

To evaluate the detection limit of the species-specific primers, DNA extracts from
different bee samples were serially diluted by 10-fold (100 to 0.01 ng/pL) and used for
PCR analysis.

- Melting curve analysis by real-time PCR

DNA extract from honeybees were used to evaluate the possibility of using real-time
PCR-based detection of adulteration of ACH and ADH. The real-time PCR was carried out
using 10 uL of 2X Real-Time PCR Master Mix (BioFACT) including SYBR Green I, 100 ng of
DNA template and 1 pL of each primer (10 pmole/pL) in 20 pL of total reaction mixture.
PCR cycling was as follows: 95 °C for 15 min, following 35 cycles of 95 °C for 30 s, 52 °C for
30 s and 72 °C for 40 s. For analyzing melt curve, real-time PCR products were denatured
at 95 °C for 15 s, annealed at 52 °C for 1 min then followed by melting curve ranging
from 52 to 95 °C with temperature increments of 0.3 °C every 20 s. The data of real-time
PCR and melt curve analysis were processed using FQD-96a V1.0.13 software (BIOER,
Hangzhou, China).

2.4. PCR-Based Sensitivity Test of Honey Samples
- Preparation of honey samples

Three pure honey samples (ACH and AMH from Korea and ADH from Thailand)
were used to test the sensitivity of species-specific primers to detect honey adulteration.

AMH was mixed with ACH or ADH in different proportions (100:0, 99:1, 95:5, 50:50, 20:180,
0:100), and then used for DNA extraction.
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- DNA extraction from honey samples

To extract DNA from honey samples, 40 mL distilled water was added to 15 g of
honey, incubated at 45 °C for 30 min, vortexed and centrifuged at 15,000 rpm for 30 min.
The supernatant was discarded, and the pellet was dissolved in 1 mL of distilled water
and centrifuged at 15,000 rpm for 15 min. The supernatant was discarded, and the pellet
was used for DNA extraction using DNeasy mericon Food Kit (Qiagen, Hilden, Germany)
following manufacturer’s protocol. The concentration and purity of the DNA extracts were
evaluated using Nano Drop spectrophotometer (Life Real). Extracted DNA was used for
the subsequent PCR analysis.

- Polymerase chain reaction (PCR)

For sensitivity (or adulteration) test, 2 rounds of PCR were performed with same
primer sets. In the first round of PCR, 100 ng of DNA was used as a template DNA
following the same protocol described above. Then, 5 uL of PCR product was used as a
template DNA for the second round of PCR with the same protocol described above. A total
of 7 uL of final PCR products were analyzed in 2.5% agarose gel. In addition, PCR using
DNA extracts from honey samples (10 with ACH and 5 with ADH labels) was conducted
for honey adulteration test using the species-specific primers. Two rounds of PCR were
performed as described above. To confirm the amplified DNA sequence, PCR products
were analyzed in 2.5% agarose gel, purified and sequenced by Macrogen (Daejan, Korea)
using an ABI 3130xI capillary automated.

2.5. Adulteration Analysis of the Honey Samples
- Honey samples

The purity of 20 honey samples (10 ACH, 5 ADH and 5 AMH) from different localities
(Nepal, Thailand and Korea) were evaluated. ACH samples were provided by beekeepers
from Nepal (n = 2), Thailand (1 = 5) and Korea (1 = 3). ADH samples were provided by
honey hunters from Thailand (1 = 5). AMH samples were harvested directly by beekeepers
from Korea (1 = 5) (Table S1). All samples were collected in 2020. Honey samples were
stored at —20 °C and 4 °C prior to DNA extraction, respectively.

- DNA extraction and PCR-based authentication of honey samples

DNA was extracted from all honey samples using the method that was described
before. PCR using DNA extracts from honey samples (10 with ACH and 5 with ADH labels)
was conducted to check honey adulteration using the species-specific primers. There were
100 ng of DNA used for the first PCR and 5 uL of PCR product used as a template DNA in
the second PCR following the procedure described before. PCR products were analyzed
in 2.5% agarose gel and sequenced by Macrogen (Daejan, Korea) using an ABI 3130xl
capillary automated. All sequences were generated in both directions and the forward and
reverse sequences were assembled in BIOEDIT v7.0.5.2 (Hall, 1999) to produce a consensus
sequence for each sample and the assembled sequences generated in this study were used
to confirm the identification through DNA barcoding and have been deposited in GenBank
under accession numbers MW660861-MW660880.

- Data analysis

From melting curve analysis, melting temperatures for 3 species of honey bees were
compared by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test.
p values less than 0.05 were considered to be statistically significant. The statistical analysis
was conducted using The R project software version 4.0.5 [32].

3. Results
3.1. Specificity Test of Species-Specific Primers

The DNA extracts from different honeybees with different geographical origins were
used to examine the specificity of the designed species-specific primers. Each primer
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set successfully amplified ND2 region from the DNA samples extracted from A. cerana,
A. dorsata, and A. mellifera with an amplicon size of 224, 302, and 377 bp, respectively
(Figure 2). None of the non-specific DNA amplification was observed with tested primer
sets, suggesting these three species-specific primers can be successfully used to distinguish
the origin of the honeybee at the DNA level.

A. mellifera

b b b
2 2 g
& 3 3
< < <
1 4 7

500 bp

100 bp

Figure 2. Agarose gel electrophoresis of PCR products amplified from DNA extracted of honeybees
with species-specific primers. Bee DNA (Lanes 1-3: A. cerana DNA, Lanes 4-6: A. dorsata DNA,
Lanes 7-9: A. mellifera DNA) Primers (Lanes 1, 4 and 7: A. cerana specific primers AC-F/AC-R,
Lanes 2, 5 and 8: A. dorsata specific primers AD-F/AD-R, Lanes 3, 6 and 9: A. mellifera specific primers
AM-F/AM-R), M: 100 bp ladder.

3.2. Sensitivity Test of Primers Using Bee and Honey DNA

To evaluate the sensitivity of PCR-based assay, DNA samples from 3 different bees
(A. cerana, A. dorsata and A. mellifera) were serially diluted (100 to 0.01 ng/pL) and used
for PCR. The PCR condition using primer sets showed that all primer sets are able to
amplify the specific bands (Figure 3). From the A. dorsata DNA, the AD-F/AD-R primer set
successfully amplified the band with the expected size (302 bp) (Figure 3A). The intensity of
characteristic bands was gradually raised as the concentration of DNA template increased,
and the band could be visible when the DNA template was as low as 0.1 ng. From the
A. mellifera (Figure 3B) and A. cerana DNA, similarly, AM-F/AM-R and AC-F/AC-R primer
sets were also able to amplify specific bands with a detection limit of total 0.1 ng template
DNA in the PCR reaction. This suggests that our species-specific primers can be used to
detect the origin of honeybee samples with a low amount of DNA.

In other to test the ability to detect the target DNA among pure and adulterated
honey samples, AMH was mixed with either ADH or ACH in different proportions. DNA
was extracted from pure and mixed honey and used for the subsequent PCR analysis.
Importantly, although the same amount of DNA (100 ng) from honey and bee samples was
used for PCR, we were not able to detect the specific band from the first round of PCR
with DNA from honey, unlike with DNA from bees (Figures 2 and 3). This is likely due
to actual amount of bee DNA being lower in DNA extracted from honey, as the honey
sample contains biological tissues of other organisms (e.g., plant, microorganism, and other
insect tissues). Thus, we performed another round of PCR by using 5 puL of PCR product
as a template for analyzing the honey samples. In the second round of PCR, AC-F/AC-R
and AD-F/AD-R primer sets produced a single band at the expected size with DNA from
100% ACD (Figure 4A, lane 1) and 100% ADH (Figure 4B, lane 1), respectively. On the
contrary, the AM-F/AM-R primer set failed to amplify the band from the DNA extracted
from 100% ACH (Figure 4A, lane 2) or 100% ADH (Figure 4B, lane 2). Neither AC-F/AC-R
nor AD-F/AD-R primer sets amplified the specific bands from DNA extracted from 100%
AMH (Figure 4A,B, lane 11).
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Figure 3. Sensitivity test of the designed species-specific primers using serially diluted DNA extract
of A. dorsata (A), A. mellifera (B), and A. cerana (C). Lane M, DNA marker; Lane 1, 100 ng; lane 2, 10 ng;
lane 3, 1 ng; lane 4, 0.1 ng; lane 5, 0.01 ng; lane 6, negative control.
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Figure 4. Adulteration test with artificially mixed honey samples. PCR products amplified from DNA
extracted either from mixtures of ACH and AMH (A) or ADH and AMH (B) were analyzed by DNA
gel electrophoresis. The proportions of AMH inside either ACH or ADH and usage of species-specific
primer sets are shown. AC-F/AC-R, A. cerana specific primers; AD-F/AD-R, A. dorsata specific
primers; AM-F/AM-R, A. mellifera specific primers; M, 1 kb ladder.
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Derivatives

DNA form ACH and ADH with different concentrations of AMH were also tested
with species-specific primers (Figure 4A,B, lanes 3-12). In both conditions, the species-
specific band of for A. mellifera was visible when the concentration of AMH was as low
as 1%. The intensity of A. mellifera species-specific band gradually increased when the
DNA from mixed honey with a proportion of 1 to 50% AMH were used and remained
constant up to 100% AMH. To examine the possibility of using species-specific primer sets
in the practical adulteration assay, 20 honey samples labeled as ADH, ACH, and AMH
from different localities were tested. Analysis of the sequences of PCR products indicated
that the primer sets are specific enough to detect the entomological origin of honey from
different geographical localities.

3.3. Melting Curve Analysis by Real-Time PCR

To evaluate the possibility of use of melting curve analysis for detecting ACH or ADH
adulteration, a real-time PCR experiment was conducted using the same PCR condition and
primer sets and DNA extracted from honeybees. The result was confirmed using agarose
gel electrophoresis and sequencing. Melting curve analysis of real-time PCR products
demonstrated two distinct curves allowing the discrimination of A. dorsata from A. mellifera
(Figure 5A) and of ADH from AMH. The melting temperature (Tm) of amplicons generated
from A. dorsata (69.2 & 0.1 °C) was distinct from the A. mellifera (72.4 &= 0.1 °C); hence, the
detection of Tm could be an alternative method to detect the origin of ADH in addition
to standard PCR method. Melting curve analyses of PCR products between A. cerana and
A. mellifera were also performed (Figure 5B). Tm of amplicons of A. cerana (71.9 £ 0.2 °C)
was distinct from A. mellifera (72.4 & 0.1 °C) but very similar; hence, the use of Tm for
distinguishing A. cerana and A. mellifera need more caution. The results of one-way ANOVA
indicated that there was a significant difference between the Tm values of all three species
(F value = 325.2, p-value < 0.001).

Derivatives
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Figure 5. Conventional melting curves obtained by real-time PCR amplification targeting ND2 region
of mtDNA using DNA extracts from honeybees. (A) A. dorsata (Tm = 69.2 + 0.1) and A. mellifera
(Tm =724+ 0.1). (B) A. cerana (Tm =71.9 £ 0.2) and A. mellifera (Tm =72.4 £ 0.1).

4. Discussion

Although previous attempts based on DNA barcoding of 16S rRNA and COI genes
were helpful to inspect mislabeling [33], it was not functional to detect honey adulter-
ation. In spite of the availability of species-specific primers to differentiate ACH from
AMH [30], the primers developed by Kim et al. [30] were only applicable to honey origi-
nated from Korea but failed to differentiate ACH and AMH originated from China [26].
Since Soares et al. [31] only developed species-specific primers (AC1-F/AC1-R) to amplify
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111 bp of tRNAlux-cox2 intergenic region of A. cerana mtDNA, the new A. mellifera species-
specific primers were needed for the adulteration test. In addition, although AC1-F/ACI1-R
primers were useful in the discrimination of ACH from AMH, unlike ACF2/ACR2, they
also amplified the non-specific band from ADH DNA extract, suggesting AC1-F/AC1-R
was not enough to distinguish ACH from ADH (Supplementary Figure S1). In this study,
we provided not only the first species-specific primer set to identify ADH, but also two
new species-specific primer sets to identify ACH and AMH. Notably, our newly designed
primers successfully amplified specific bands only from the targeted DNA sample and
were able to discriminate both ACH and ADH from AMH, and vice versa, thus providing
new DNA-based assay for testing entomological origin of honey (refer to Figure 4A,B).

Zhang et al. [26] developed a gDNA-based method for the identification of two
different major honeys from domesticated honeybees in the market. Two sets of primers
(C-F/C-R for A. cerana and M-F/M-R for A. mellifera) were designed to amplify the Major
royal jelly protein 2 (MR]JP2) gene, resulting in the different size of PCR product in the gel
electrophoresis, making it useful to discriminate ACH from AMH. In addition, it is possible
to identify the honey samples through real-time PCR-based Tm analysis. Although the
predicted size of the PCR product was 212 bp for A. cerana and 393 bp for A. mellifera, but the
length of amplicons for A. mellifera was 560 bp from the PCR, as the primers were designed
based on complementary DNA (cDNA) without an intron. ACH and AMH samples were
distinguishable using C-F/C-R and M-F/M-R primer sets; however, 560 bp tends to be long
for accurate honey identification and adulteration test with relatively old honey samples,
which can possibly have DNA degradation problems. Honey is a complex matrix, and
its phenolic/H,O, induced oxidative stress would lead the DNA that remained inside
honey to be easily degraded as storage time increased [31,34-36]. Notably, Schnell et al. [37]
reported the diminished rate of successful amplification of amplicon size larger than 380
bp and in the fragmented DNA, thus the amplification of short amplicons is preferable [38].
Thus our new species-specific primer sets with amplicon size ranging 224~377 bp (refer
to Figures 2 and 3) would provide a better chance to successfully examine the old honey
samples. Although the speed of degradation of DNA inside honey is not well understood
and very difficult to predict accurately as different honey have different biochemical
compositions, DNA degradation problem needs to be considered while examining the
entomological origin of honey via DNA-based assay.

Real-time PCR-based identification of the entomological origin of honey was suc-
cessfully developed previously to discriminate ACH and AMH using species-specific
primers [26,31]. Refer to the Figure 5, the primer sets developed in the present study can be
used to differentiate the entomological origin of three different types of honey. Although
ADH and AMH can be simply differentiated using melting curve analysis, this method
should be applied to differentiate ACH and AMH with caution due to the close Tm of the
amplicons. Tm-based identification method is quick and accurate without the requirement
of the gel electrophoresis step. Thus, it will provide a possible high-throughput analyses
method for the identification of the origin of honey.

The cost of conducting analysis for one honey sample using the combination of
two-round PCR and subsequent gel electrophoresis using the methodology described in
current research is 6.4$ per honey sample (DNA extraction kit, PCR master mix, agarose
powder, ladder, TBE buffer, staining dye and primer cost), however, these expenses for
authentication analysis using Real-Time PCR technic is about 5.2$ (DNA extraction, master
mix, and primer cost). The electricity and labor cost required to run the equipment have
not been considered in our calculation. Although the cost of the authentication analysis
per sample is slightly lower using Real-Time PCR, it is more expensive to establish such
facilities in comparison to the conventional PCR method. Furthermore, according to our
calculations, the duration of analysis using Real-Time PCR is slightly longer (~35 min) than
conventional PCR.
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5. Conclusions

Three species-specific primer sets targeting the NADH dehydrogenase 2 (ND2) region
of mtDNA were designed and successfully applied to trace the entomological origin of
honey produced by different honeybees, A. cerana, A. dorsata and A. mellifera. In addition,
the A. mellifera specific primer set is applicable in honey fraud detection. The possibility of
using melting curve analysis in discrimination of the origin of honey using the same primer
sets is also confirmed. Our preliminary studies indicated the impossibility of providing
species-specific primers with a smaller size of PCR product in the mitochondrial DNA
(except the one provided by Soares et al. [7] for ACH). However, further studies targeting
nuclear DNA are required. PCR-based method using species-specific primers provides a
rapid and cost-effective method to screen the entomological origin of honey. Therefore, the
development of new primer sets to identify honey produced by other species of honeybees
will be valuable. On the other hand, more studies are needed to understand the pace
of DNA degradation in honey and the applicability and limitations of using molecular
methods in the authentication of older honey samples.
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Abstract: The economic significance of honey production is crucial; therefore, modern and efficient
methods of authentication are needed. During the last decade, various data processing methods and
a combination of several instrumental methods have been increasingly used in food analysis. In this
study, the chemical composition of monofloral buckwheat (Fagopyrum esculentum), clover (Trifolium
repens), heather (Calluna vulgaris), linden (Tilia cordata), rapeseed (Brassica napus), willow (Salix cinerea),
and polyfloral honey samples of Latvian origin were investigated using several instrumental analysis
methods. The data from light stable isotope ratio mass spectrometry (IRMS), ultra-high performance
liquid chromatography coupled with high-resolution mass spectrometry (UHPLC-HRMS), and nu-
clear magnetic resonance (NMR) analysis methods were used in combination with multivariate
analysis to characterize honey samples originating from Latvia. Results were processed using the
principal component analysis (PCA) to study the potential possibilities of evaluating the differences
between honey of different floral origins. The results indicate the possibility of strong differentiation
of heather and buckwheat honeys, and minor differentiation of linden honey from polyfloral honey
types. The main indicators include depleted §1°N values for heather honey protein, elevated concen-
tration levels of rutin for buckwheat honey, and qualitative presence of specific biomarkers within
NMR for linden honey.

Keywords: honey; light stable isotope mass spectrometry; ultra-high performance liquid chromatography;
high resolution mass spectrometry; nuclear magnetic resonance; principal component analysis; floral origins

1. Introduction

Due to its sweet taste and antibacterial properties, honey is in high demand in today’s
market. In 2018, approximately 2000 tons of honey from 103,000 beehives were produced in
Latvia. In Europe more generally, the demand for honey is higher than local producers can
produce, and therefore a large part is imported [1]. Honey is an expensive product when
compared to other sweeteners. Counterfeit honey is considered to be honey that contains
added amounts of other cheaper sweeteners. Directive 2014/63/EU of the European
Parliament and the Council clearly defines what constitutes natural honey. To protect the
interests of consumers and regulate the fair price of honey in today’s market, methods
of honey authenticity and quality indicators are constantly evolving. One or several
modern instrumental methods are increasingly used with which quality characteristics
are determined, as well as the authenticity of honey is assessed by applying chemometric
methods [2].

Although IRMS has been used mainly to determine the presence of Cy4 sugar addi-
tives, measurements of light stable isotopes have increasingly been used to determine the
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botanical or geographical origin of honey. 5'3C and §'°N values for honey and proteins
provide useful information in distinguishing samples of different floral types of honey
(acacia, chestnut, citrus, eucalyptus, rhododendron, and polyfloral honey) [3].

Polyphenol compound concentrations are considered as potential useful variables
for floral origins [4]. The polyphenol profile is a useful tool for geographical and floral
origin assessment. A robust UHPLC-HRMS method for polyphenol quantification is often
used [5-7]. Sugaring-out assisted liquid-liquid extraction (SULLE) sample preparation has
been proven to be an optimal choice of honey studies using HRMS equipment [5].

Nuclear magnetic resonance (NMR) is increasingly used to evaluate the authenticity
of honey. The information provided by the proton NMR spectrum, in combination with
various chemometric methods, is used to distinguish between honey of different botanical
origins. Depending on the task to be performed, chemometrics can be performed for the
whole spectrum or only for a certain interval. In most cases, the region characteristic
of aromatic compounds (9-6 ppm) or the region characteristic of aliphatic compounds
(3-0.5 ppm) are used [8,9]. A study in Brazil successfully distinguished between citrus,
eucalyptus, and wildflower honey, and some honey was found to be counterfeit [10]. A
similar approach was used by Spiteri et al. for the assessment of geographical origin [11].
Samples of acacia honey from Eastern Europe and Italy were compared. Due to the different
flora, characteristic floral markers were found in the samples [12].

Principal component analysis (PCA) in chemistry allows for the study of the proper-
ties of different datasets of chemical compounds. Determining which compounds have
similar properties and which study objects form groups, one can also try to predict the
properties of the study object or belonging to a group. Various instrumental analyses are
practically effective for the analysis of principal components, wherein the spectral image is
obtained, for example, the total ion chromatogram after the retention time, under different
conditions [13]. Quantitative values of various honey compounds, isotope ratio values,
etc., quality indicators can be used to analyze the principal components. Depending on
the purpose of the study (counterfeits, origin of flowers, geographical regions, etc.), honey
types are selected, chemical instrumental analyses are performed, and the results are used
for the analysis of principal components to determine the formation of groups [10,14-16].

The main aim of this study was the use of different methodologies to classify the
botanical origin of various types of monofloral Latvian honey to target the mislabeling of
protected destination of origin (PDO) products. One of the goals was to gather the data
on fresh samples collected directly from the beekeepers of Latvia instead of processed and
commercially available honey. Further, we validated the true floral origin using melissopa-
lynology analysis. Finally, we evaluated multiple criteria to classify individual monofloral
variety honeys by using a combination of analytical methods (IRMS, UHPLC-HRMS and
NMR) and statistical treatment of experimental data and PCA analysis.

2. Materials and Methods
2.1. Samples

A total of 78 different honey samples were collected directly from the beekeepers in the
territory of Latvia, declared as of natural origin and of specific monofloral varieties. The true
botanical origin of the samples was further examined by melissopalynology analysis [17]
and later confirmed or deemed of lesser, polyfloral quality. The criteria of specific pollen
for monofloral honey [18] was reached for 4 buckwheat (Fagopyrum esculentum) (>25%),
6 clover (Trifolium repens) (>45%), 3 heather (Calluna vulgaris) (>40%), 3 linden (Tilia cordata)
(>17%), 4 rapeseed (Brassica napus) (>70%), and 3 willow (Salix cinerea) (>45%) honey
samples. The other 55 honey samples were polyflorals and kept for honey analysis to make
an assessment for the capability of potential floral origins indicators.
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2.2. IRMS
2.2.1. Protein Extraction by Dialysis

Honey proteins were prepared according to the method described by Bilikova [19]
with slight readjustments. A 15 g sample of honey was weighed, and 15 mL of deionized
water was added. Semi-permeable SnakeSkin (10K MWCO) dialysis membrane was filled
with a homogeneous clear honey solution. After dialysis, the purified protein solution was
quantitatively transferred into a beaker and placed in the drying oven at 40 °C for about
48 h until the proteins were dried. Then, proteins were weighed and stored at 4 °C until
IRMS analysis.

2.2.2. §13C and 8'°N, and Total Carbon and Nitrogen Analysis

Continuous flow IRMS (Nu Horizon) coupled with an elemental analyzer (EuroEA3024)
was used for the analysis. The complete combustion of the samples and the operation of the
element analyzer were verified by performing stability tests on the equipment. Certified
reference materials USGS-40 and USGS-41 were used as reference materials. The device
conditions were prepared as described in previously published method [20].

2.3. UHPLC-HRMS
2.3.1. Chemicals

Analytical standards of 3,4-dihydroxybenzoic acid (>98.2%), acacetin (>98.7%),
apigenin (>99%), caffeic acid (>98.5%), catechin (>99%), chlorogenic acid (>99%), chrysin
(>99%), daidzein (>99%), galangin (>98.5%), gallic acid (>95.5%), genistein (>99%),
(-)-epicatechin (>90.3%), folic acid (>91.2%), formononetin (>99%), isovitexin (>99%),
luteolin (>99.9%), myricetin (>98%), o-coumaric acid (>99.7%), p-coumaric acid (>99.6%),
p-hydroxybenzoic acid (>99.9%), pantothenic acid (>98.6%), phenylacetic acid (>99.7%),
rhamnetin (>99%), rutin trihydrate (>94%), quercetin (>98%), sinapic acid (>96%), syringic
acid (>98.5%), trans-ferulic acid (>99.8%), vanillic acid (>98.2%) were purchased from
Extrasynthese (Lyon, France) or Sigma-Aldrich (St. Louis, MO, USA). The standard of
(-)-cis, trans-abscisic acid (>99.9%) was purchased from Santa Cruz Biotechnology (Dallas,
TX, USA), and kaempferol (>97%) was purchased from ChromaDex (Santa Ana, CA, USA).
HPLC-MS grade acetonitrile (MeCN) and dimethyl sulfoxide (DMSO) were purchased
from Merck (Darmstadt, Germany), while formic acid (FA), hydrochloric acid (HCI), and
sodium chloride (NaCl) were purchased from Sigma-Aldrich.

2.3.2. SULLE Sample Preparation

Samples were prepared by the previously published SULLE method [5]. A total of
0.5 g of honey was added in an Eppendorf tube within 0.5 mL of 10% NaCl in 0.01M HCl
(pH =2). A total of 1 mL of MeCN was added to the mixture, and the tube was vortexed
for another 1 min at 2000 rpm followed by 1 min centrifugation at 15,000 rpm. The upper
organic phase was collected in a 2 mL crimp top chromatography vial. The procedure was
repeated until the total collected organic phase amount of about 1.9 mL. The organic phase
was dried under a gentle nitrogen flow at room temperature and reconstituted in 0.5 mL of
water/MeCN mixture (98:2 v/v) with added 0.1% FA. Extracts were stored at 4 °C, in the
dark, before the analysis.

2.3.3. UHPLC-HRMS Systems

Liquid chromatography analysis was performed using a Dionex UltiMate 3000 UHPLC
system (Thermo Scientific, Oleten, Switzerland) equipped with a Kinetex PFP column
(3.00 x 100 mm, 1.7 um, 100 A), obtained from Phenomenex (Torrance, CA, USA). LC
system was coupled to a high-resolution mass spectrometer Q Exactive (Thermo Scientific,
Bremen, Germany). LC parameters: 5 uL injection volume, 40 °C column temperature,
10 °C sample temperature, flow rate set to 0.450 mL-min~!, diverter valve was switched to
mass spectrometer at 1.3 min. The mobile phase A (0.1% formic acid in H,O) and B (0.1%
formic acid in MeCN) were used in gradient mode: 4 min preinjection equilibration held
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at 2% B; 0-3 min at 2-5% B; 3-9 min at 5-98% B; 9-13 hold at 98% B; 13-14 return to the
initial 2% B.

Heated electrospray (HESI) interface was used in positive and negative ionization
mode, and polarity switching method was used with the following parameters: ion source
voltage in negative/positive ionization (2500 V /3500 V), 280 °C temperature for ion transfer
tube, 450 °C evaporator temperature.

2.4. NMR
2.4.1. Sample Preparation

The method proposed by Schievano et al. was used and adjusted for available equip-
ment to acquire 'H-NMR spectra of honey [21]. A total of 200 & 3 mg of honey was
dissolved in 1.0 mL of D,O buffer solution. The resulting solution was transferred to an
NMR tube, and 'H-NMR spectra were acquired. D,O buffer solution was prepared by
dissolving 1.02 g of KH,PO, and 0.96 mg of NaN3 in 20 mL of D,0. The buffer solution
pH was adjusted to 4.4 with 85% H3POj.

2.4.2. TH-NMR Spectra Acquisition

NMR spectra were acquired with Bruker BioSpin GmbH, Rheinstetten, Germany,
Fourier300 spectrometer (working frequency of 300 MHz for 'H) equipped with a 5 mm
DUL 13C-1H/D Z-gradient EasyProbe. 'H-NMR spectra were acquired with noesyprld
pulse program using 125 ms mixing time and —40 dBW presaturation power level during
recycle delay and mixing time, 2 s relaxation delay (D1), 6103 Hz spectral width, 64k points
of time-domain (TD), and 8 dummy scans (DS). The acquisition time for one scan was
5.37 s. Constant receiver gain (rg = 3) was used.

2.4.3. TH-NMR Spectra Processing

Acquired "H-NMR spectra were processed with MestReNova software (version 14.1.1).
FID was zero-filled to 128k points, and exponential apodization (0.3 Hz) was used. Manual
phase correction and automatic baseline correction (Whittaker smoother) were performed.
Chemical shifts were referenced to a-glucopyranose doublet (5 = 5.320 ppm). 'H spectra
were binned using signal integral sum 0.5-3.0, 6.0-9.0 ppm with a bin width of 0.01 ppm.
The binned spectra were normalized to the total area.

2.5. Statistical Analysis

The data processing was performed using statistical software Minitab 17.1.0. One-way
ANOVA analysis of variance was performed in order to assess the significant differences
of the variable between monofloral and polyfloral honey samples. The confidence level
(p = 0.05) was used for every ANOVA test. Tukey comparison procedure for assuming
equal variances was used for every variable obtained from IRMS and UHPLC-HRMS
methods while Fisher comparison was used once for total N assessment in honey proteins.
Principal component analysis was performed for data reduction in order to find potential
chemical compound biomarkers for floral origins. The correlation matrix was used for
analysis. As a pre-step, the software performed standardization of variables, meaning a
variable was rescaled to have a mean of zero and a standard deviation of one. Principal
component scores and their correlation coefficients are stored in a Supplementary Excel
file. The formation of monofloral group clusters or positions in the score plot was used to
assess the potential of variable capability as a marker.

3. Results and Discussion
3.1. IRMS Analysis of Honey Proteins

C and N isotope ratio and total weight fraction of monofloral and polyfloral honey
samples is presented in Table 1. The ANOVA one-way results show that there was no
significant variance, with a confidence level of 95% between monofloral and polyfloral
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honey, by using 5'3C values (p = 0.08). Tukey test simultaneous differences of means for
813C are described in Supplementary Material (Figure S1).

Table 1. IRMS analyses results by floral origins of honey.

. 8§13C, %o 815N, %o Total C, % Total N, %
Floral Origins

Mean SD Mean SD Mean SD Mean SD N

Buckwheat —28.7 0.7 6.8 1.5 48.1 1.4 9.6 0.5 4
Clover —27.7 0.9 6.5 1.7 50 4 8 2 6
Heather —28.13 0.10 —-23 1.0 474 0.6 10.0 0.6 3
Linden —26.7 0.2 5.8 0.7 50 2 7.0 0.7 3
Rapeseed —27.5 0.5 49 1.1 53 4 6.4 0.8 4
Willow —27.6 0.5 6.5 1.0 56 7 6 2 3
Polyfloral —27.4 0.9 4 3 51 6 8 2 55

The carbon isotope ratio in honey proteins is directly influenced by carbon fixation in
plants from which bees are gathering honey. Therefore, carbon isotope analysis is mainly
used for C4 plant additive determination in honey. Nevertheless, the §'C values are often
used for floral origins determination [3,22].

After extractions of sugars, the honey proteins showed §3C values in a range of
—25.47 %0 to —29.64%o., which is characteristic for C3 plants [23]. Moreover, in comparing
polyfloral honey proteins (§'3C = —27.4 + 0.9%0) with other results, we found that 5'3C
values are more depleted than of Mediterranean region honey proteins. §'3C values are
dependent on the amount of sun exposure to plants and air humidity; therefore, an increase
of sunny days and less precipitations increases the 5'3C values [24].

The nitrogen isotope ratio for honey proteins reflects the nitrogen content of the
soil where plants from which bees have gathered the nectar grow. §'°N > 0.0%o values
indicate that the nitrogen is biologically fixed in soil, and values near 0.0%. show that the
nitrogen is obtained from air. Results show clover honey proteins are enriched with heavy
nitrogen isotope, although the plant is considered as gathering nitrogen via Rhizobium
bacteria [25]. Exceptional honey proteins were extracted from heather honey, indicating
depleted nitrogen ratio values and statistically different significance (p = 0.001) using
ANOVA one-way Tukey tests (see Figure S2). In total, 11 out of 78 honey proteins showed
negative §!°N values. These samples of honey were heather monoflorals and polyflorals
that had reported the presence of heather (Calluna vulgaris) pollen (see the Supplementary
Excel file).

Total carbon and nitrogen in honey proteins were found to have no particular statistical
difference using the ANOVA test. p-values were found for total carbon (p = 0.5) and total
nitrogen (p = 0.06), although total nitrogen p-values were close to 0.05, which suggests
that results could be capable for further floral origin discrimination investigation. Using
the Fisher test, we found that there are differences in heather and buckwheat (increased
total nitrogen) honey proteins between willow and rapeseed (decreased total nitrogen)
(see Figure S3). Total nitrogen in proteins generally is ~16% [26]. Obtained nitrogen
mass fraction results suggest that after dialysis, pure protein is not obtained, but instead a
mixture of protein and other molecularly large compounds that could not be separated via
dialysis such as lipids and pollen [27,28].

3.2. UHPLC-HRMS Analysis

A total of 31 organic compounds (13 phenolic acids, 14 flavonoids, 2 vitamins, 2 plant
hormones) were successfully quantified in polyfloral honey and various monoflorals. The
biochanin A, biotin, and procyanidin A2 were found only in a few samples near the LOQ,
and these compounds were omitted for future assessments.

In Figure 1, concentrations for the 27 most common found compounds in polyfloral
honey of origins of Latvia are shown. The highest concentrations of phenolic acids were
obtained for p-hydroxybenzoic acid (3923 + 3522 ug/kg), abscisic acid (4174 + 2238 ug/kg),
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p-coumaric acid (2685 £ 1271 ug/kg), and ferulic acid (1638 4 572 png/kg) while kaempferol
(1432 £ 728 pg/kg) was the flavonoid and pantothenic acid B5 (986 + 412 pg/kg) was
vitamin with the highest average concentrations.
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Figure 1. Boxplots of organic compound concentration (ug/kg) in polyfloral honey determined by
UHPLC-HRMS; results converted in decimal logarithm scale.

Formononetin, chrysin, and folic acid were not shown by boxplot because these
compounds were found over LOQ only 6 to 21 polyflorals, suggesting these compounds
are characteristic of a specific floral origin. Apigenin was also omitted, although it was
found in 43 polyfloral honey samples but slightly over LOQ, and the mean value was
2+ 3 ug/kg.

The results come in good agreement with another study showing similar concentration
levels of the same compounds, except apigenin, which was found in larger concentrations
by Lo Dico et al. [7]. The one-way ANOVA tests of Tukey comparison were performed to
honey groups of different floral origins. The six compounds showed statistically significant
differences that could be used for monofloral honey samples or speciation of honey floral
origins. Rutin interval plot and graphical summary of differences of mean are shown
in Figure 2.

Rutin showed a statistically significant difference in buckwheat honey and in the other
types of honey. In buckwheat honey, rutin showed a concentration of 572 & 167 ug/kg,
while polyfloral honey contained from <5 (LOQ) to 696 pg/kg with a mean of 53 ug/kg.
Two polyfloral samples (P5 and P42) had notably higher concentrations of rutin, corre-
sponding to 649 and 696 pg/kg, respectively, equivalent to high buckwheat pollen presence
for polyflorals (17 and 24%, respectively). It was less found in linden and rapeseed honey
and not found at all in heather honey. This comes in good agreement with melissopa-
lynology results, as buckwheat (Fagopyrum esculentum) pollen was found in clover and
willow monofloral honeys in a range of 0-6%. Other statistically significant differences
within honey floral origins were found using vanillic acid, quercetin, p-hydroxybenzoic
acid, p-coumaric acid, and pantothenic acid B5 (see Table 2). The monofloral clover and
willow honey interfered to discriminate buckwheat honey from other types of floral origins
using p-hydroxybenzoic acid and p-coumaric acid concentrations. Interference could be
explained by buckwheat pollen presence in clover and willow monofloral honey. The
quercetin concentrations showed a statistical difference between buckwheat and heather
honey. While quercetin has no potential as a specific floral marker, it would be very helpful,
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since both share similar visual properties as dark-colored honeys [29,30]. Similarly, pan-
tothenic acid and vanillic acid can be used for specific floral origin request determination,
or could be a helpful indicator with a combination of other variables.

Clover-Buckwheat H
800 - Heather-Buckwheat :
K3 Linden-Buckwheat —
= Polyfloral-Buckwheat O S—
= 700 4 Raf {-Buckwheat
£ V\hlh:ﬂw—ﬂ::. o heat —_——
2 leather—Clover —_—
600 Linden-Clover —_——
Polyfloral-Clover — .
500 4 —Clover ————
Willow-Clover P P S—
400 J Linden-Heather - —_— .
Polyfloral-Heather —_——
Ra) —Heather —_———
300 ‘ Willow-Heather —_— e
RP:nyImaI—Eﬁen —_——
peseed-| en —_—
200 Willow-Linden ——t—
Raj -Polyfloral ——.———
100 - Willow-Polyfloral —_——,—
Not found | Willow-Rapeseed —_——
0 — = [ 1000 750 500  -250 0 250 500
Buckwheat Clover ~ Heather  Linden Rapeseed Willow  Polyfloral Differences of means for rutin, Hg/kg

If an interval does not contain zero, the corresponding means are significantly different.
(@) (b)

Figure 2. One-way ANOVA test of statistically significant difference between monofloral buckwheat,
clover, heather, linden, rapeseed, willow, and polyfloral honey (a) using interval plot (ug/kg) as
graphical summary with 95% confidence interval bars, and (b) using Tukey comparison of 95%
confidence intervals.

Table 2. Comparison of chemical compound mass concentrations (ng/kg) quantified by UHPLC-
HRMS that share statistically significant differences between groups of floral origins.

Mean + SD, ug/kg

Floral Origins

p-Hydroxybenzoic p-Coumaric Pantothenic Quercetin Vanillic
Acid Acid Acid (B5) Acid
Buckwheat 13,863 & 4472 A 5561 4 1159 4 910 +£247 4B 1297 £5114 602 + 329 AP
Clover 7907 + 4809 AP 3963 + 991 AB 764 +1934F 523 £ 20448 477 4+ 164 AB
Heather 2984 + 494 B 2519 4 738 B 1513 £+ 250 4 198 + 868 190 +29 B
Linden 1423 +1004 B 2509 + 161 B 558 + 243 B 4754390 AB 447 4 337 AB
Rapeseed 1740 4+ 248 B 2341 + 499 B 577 + 878 986 = 167 AP 725 £ 28 AB
Willow 6753 =+ 3252 AB 4550 + 1529 4B 1017 £ 13148 726 + 44548 1014 + 619 A
Polyfloral 3923 +3522 B 2685 + 1271 B 986 = 41248 824 + 41948 585+ 288 AB

AB__results marked with a different superscript letter are significantly different using ANOVA one-way Tukey

test (p < 0.05). Letter “A” indicates affiliation to a group with higher means and letter “B” indicates affiliation to a
group with lower means, while “AB” shows affiliation for both groups.

Comparing honey of Polish origins, the authors of [31] found similar levels of
p-coumaric acid and quercetin in heather honey. However, Latvian honey showed lower
concentrations of chrysin, galangin, and apigenin but higher concentrations of luteolin than
Polish honey. Rapeseed honey of Romanian origins share similar levels of chlorogenic acid
and p-coumaric acid but increased of gallic acid, p-hydroxybenzoic acid,
3,4-dihydroxybenzoic acid, vanillic acid, caffeic acid, and myricetin [32]. In another study,
p-hydroxybenzoic acid is mentioned as a commonly found compound in clover and heather
honey. Moreover, p-coumaric and vanillic acid are reported as commonly found in heather
honey, while our study shows that concentration levels were not different from Latvian
polyfloral honey. Quercetin is usually found in clover honey [33]. Regardless of other
studies, recent preliminary UHPLC-HRMS results of Latvian honey showed rutin as a
suggestable indicator for buckwheat honey. However, increased rutin concentration levels
for a few polyflorals containing notable buckwheat pollen percentage were also observed.
This suggests a need for further investigation to determine a threshold level of rutin in
order to distinguish buckwheat honey from polyfloral honeys.
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3.3. Principal Component Analysis

All data for PC scores and loadings are available in the Supplementary Information in
the form of excel spreadsheets. The carbon and nitrogen isotope ratio and total element
percentage were used for PCA to determine the Latvian honey floral origins using a
single IRMS method. The variables were standardized, and a correlation matrix was
used since variables were expressed in different units of measurement. Eigenvalues were
expressed in the scree plot (see Figure S4). PC1-PC3 described variability by 94.6%, and
these components were used for evaluation. A total of 15 samples were considered as
outliners using a Mahalanobis distance criteria and were withdrawn from PCA. The outliner
samples were coded as follows: monofloral buckwheat (B1), clover (C1), rapeseed (R2),
willow (W1), and polyfloral (P2, P5, P8, P18, P20, P23, P24, P26, P33, P42, P47) honey. In
Figure 3a, the heather honey formed a cluster away from other honey samples because of
PC1. After the investigation of loading coefficients (see Figure 3b), it appears that PC1 had
a high positive correlation (r = 0.50) of nitrogen isotope ratio and total carbon in proteins
(r = 0.53) but negative correlation of total nitrogen in proteins (r = —0.67). The monoflorals
of heather honey were significantly different (p = 0.001) of depleted 5'°N values, while total
carbon and total nitrogen showed no significant differences. Nevertheless, in comparing
the means of the heather honey and other types of origins, we found that the mean of total
carbon was the lowest, and total nitrogen was highest for heather honey. Polyflorals (P3, P6,
P14, P55) that formed cluster with monofloral heather honey also contained heather pollen
(31%, 10%, 38%, 4%). The honey sample P46 had 6% of heather pollen content and it was
the only honey sample that had heather pollen more than 4%; moreover, it was not located
in the cluster. Other polyfloral honey samples with heather pollen >4% (P2—24%; P8—35%;
P18—22%) were classified as outliners and had similar §'°N values but increased means of
total carbon and decreased means of total nitrogen. This highlights the need to monitor the
total carbon and nitrogen content in honey protein IRMS analysis when monofloral heather
honey purity must be assessed.
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Figure 3. PCA of monofloral buckwheat, clover, heather, linden, rapeseed, willow, and polyfloral
honey samples: (a) score plot between PC1 and PC2, and (b) loading plot of variables obtained by
IRMS (§'3C, §'°N, total C and N in honey proteins).

The concentrations of phenolic acids, flavonoids, vitamins, and plant hormones in
honey were used for PCA of UHPLC-HRMS assessment. The catechin, chrysin, folic acid,
and formononetin were omitted for evaluation, and 27 compound concentrations (ug/kg)
were standardized and a correlation matrix was constructed. After evaluation of the scree
plot (see Figure S5), we used the PC1-PC3 for further analysis, since they cover the most
variability of data (45.7%). A total of 11 samples were considered as outliners using a
Mahalanobis distance criteria and were withdrawn from PCA. The outliner samples were
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coded as follows: monofloral clover (C2, C5) and polyfloral (P7, P8, P20, P26, P29, P37,
P43, P46, P53) honey. The formation of an exceptional cluster such as with IRMS results
were not observed. The PC2 has strong positive correlation of p-hydroxybenzoic acid
(r =0.39), rutin (r = 0.38), and p-coumaric acid (r = 0.34), and these compounds were previ-
ously discussed as potential buckwheat honey floral markers. The location of buckwheat
honey in score plot (see Figure 4a) was outside of the majority of samples, but buckwheat
honey was found to have higher PC2 scores than other honey. The polyflorals (P5, P42, P51,
P54) with similar PC2 scores also had buckwheat pollen (17%, 24%, 16%, 4%). The PC3 was
not selective for certain floral group but depended on the ratio of 3,4-dihydroxybenzoic
acid (r = 0.43) and abscisic acid (r = —0.35) concentrations.
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Figure 4. PCA of monofloral buckwheat, clover, heather, linden, rapeseed, willow, and polyfloral
honey samples: (a) score plot between PC2 and PC3, and (b) loading plot of 27 organic compound
concentrations obtained by UHPLC-HRMS.

Due to the presence of a wide range of chemical compounds found in honey, NMR is
considered to be one of the most prominent methods for food analysis [34]. The complete
identification of chemical compounds from 'H-NMR spectra is a difficult task because of
compound low concentrations and signal overlays. Nevertheless, the honey of similar floral
origins share a similar 'H-NMR spectra image, and therefore principal component analysis
(PCA) was used to conduct an assessment of honey without full quality analysis. The
'H-NMR spectra of honey samples were transformed into the spectral bins from
0.5 to 3 ppm (aliphatic region) and 6 to 9 ppm (aromatic region), with a bin width of
0.01 ppm before the principal component analysis. Carbohydrate region (3-6 ppm) was
excluded for the PCA due to the presence of high intensity peaks that are sensitive to
scaling method prior to PCA and strongly affect cluster forming in a PCA plot [35]. Further-
more, minor and specific carbohydrate 'H NMR signals were not resolved using 300 MHz
NMR spectrometer, which could improve PCA discrimination [21,36,37]. The obtained
scree plot and PCA plots of Latvian honey samples are shown in Figure S6. The PC1-PC3
had exceptionally high contribution of data variability, explaining 29.2% of the variance
from 552 variables. PCA plot with PC1 and PC3 of studied Latvian honeys of monofloral
honeys (Figure 5a) could be described in several groups as follows: (1) buckwheat, clover,
and willow honeys with mostly negative PC1; (2) linden honeys with positive PC1 and
mostly positive PC3; and (3) heather honeys with positive PC1 and negative PC3. Rapeseed
honeys showed cluster near PC1 and PC3 cross-point that indicated absence of specific
compounds. Honey grouping could be explained by using PC1 and PC3 loading plots
(see Figure 5b,c). In the case of buckwheat, clover, and willow honeys, TH-NMR spec-
tral bins with 6 = 6.87-6.82, 7.16-7.21, 1.67-1.74, and 0.90-1.02 ppm contributed to neg-
ative PC1 score. This can be explained with the presence of tyrosine (6 = 6.87-6.82 and
7.16-7.21 ppm), leucine (6 = 1.67-1.74 ppm), and isoleucine and valine (6 = 0.90-1.02 ppm).
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These amino acids have been previously found in a higher level for buckwheat honey [38].
Surprisingly, in Latvian monofloral clover and willow honeys, these amino acids were
found as well. For the linden monofloral honey, 'H-NMR spectral bins with § = 2.40-2.47
and 7.15-7.23 ppm contributed to positive PC1 score, and bins with 6 = 6.14-6.18 and
7.15-7.23 ppm for positive PC3 score. Linden honey 'H-NMR spectra-specific bins can be
attributed to the cyclohexa-1,3-diene-1-carboxylic acid (CDCA) derivatives (6 = 6.14-6.18
and 7.15-7.23 ppm) that are specific markers of monofloral linden honey [38]. Lastly, the
heather honey showed resolved cluster position in PCA plot that was mostly affected by
TH-NMR spectral bins with § = 7.28-7.32 and 2.37 ppm. These bins can be assigned to
the previously found carboxylic acids, such as phenylacetic acid, 3-phenyllactic acid and
benzoic acid (8§ = 7.28-7.32 ppm), and pyruvic acid (5 = 2.37 ppm) [38,39]. Typical binned
TH-NMR spectra of analyzed monofloral honeys with the assigned compounds are shown
in Figure S7. It was shown that PCA in combination with 'H-NMR showed clear separation
of monofloral heather honey from other studied honeys. Unfortunately, monofloral honeys
with negative PC1 could not be resolved in separate clusters, and other statistical methods
should thus be used (e.g., OPLS-DA) [38,40].
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Figure 5. PCA of monofloral buckwheat, clover, heather, linden, rapeseed, willow, and polyfloral
honey samples: (a) score plot between PC1 and PC3; loading plots of PC1 and PC3 for 'H-NMR
spectra with bin width 0.01 ppm for intervals (b) 9.0-6.0 ppm and (c) 3.0-0.5 ppm.
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4. Conclusions

The chemical profile of monofloral buckwheat, clover, heather, linden, rapeseed, wil-
low, and polyfloral honey samples of Latvian origins was assessed by IRMS, UHPLC-HRMS,
and NMR methods in order to find suitable indicators that could be used for the classifi-
cation of botanical origin of honey. The depletion in §'N values in honey proteins was
suggested as indicator for heather honey (8'N = —2.3 + 1.0%). Moreover, the total N
in proteins indicated potential distinctiveness between the pairs of willow and rapeseed
honey, and buckwheat and heather honey. After the data treatment using PCA, the total
nitrogen and total carbon in honey proteins were taken into account for recognition of
heather honey origins. Out of 31 organic compounds quantified by UHPLC-HRMS, rutin
showed a selective difference as a buckwheat honey indicator. p-Hydroxybenzoic acid,
p-coumaric acid, pantothenic acid (B5), quercetin, and vanillic acid were found to have sta-
tistically different concentration levels within different monofloral honey types and could
be used as specific indicators for monofloral honey purity. The polyphenol profile comes in
good agreement with other studies, with the exception of the few compounds that were re-
ported with higher concentrations in foreign country honey. The NMR qualitative analysis
showed distinguishment among monofloral buckwheat, heather, and linden honey. Using
NMR tyrosine, proline, alanine, and lactic acid, we found characteristic chemical shifts in
buckwheat honey, with monosubstituted benzene derivatives and ethanol in heather honey
and CDCA derivatives in linden honey. This study proves the validity of the combination
of multiple analytical methods, statistical data treatment, and PCA to differentiate various
natural monofloral honey classes, thus guaranteeing botanical authentication and the honey
quality and origin.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/foods11010042 /51, Figures S1 and S2: Tukey simultaneous 95% confidence intervals differences
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of mean for total N (%). Figures S4-S6: PCA scree plots (§13C, 515N, total C and N in proteins;
27 organic compound quantified by UHPLC-HRMS; 'H-NMR spectra intervals 9.0-6.0 and
3.0-0.5 ppm). Figure S7: "H-NMR spectra interval (0.5-3.0 and 4.5-8.5 ppm) overlayed comparison of
monofloral buckwheat, clover, willow, linden, heather, and rapeseed honey. Supplementary workbook.
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Abstract: Honey is a natural product well known for its beneficial properties. It contains phytochem-
icals, a wide class of nutraceuticals found in plants, including compounds with highly demonstrated
antimicrobial and antioxidant capacities as phenolic compounds and flavonoids. The main goal of
this work is the development of a miniaturized and environmentally friendly methodology to obtain
the phenolic profile of Galician honeys (Northwest Spain) from different varieties such as honeydew,
chestnut, eucalyptus, heather, blackberry and multi-floral. The total phenolic content (TPC) and
antioxidant activity (AA) were also evaluated. As regards sample preparation, miniaturized vortex
(VE) and ultrasound assisted extraction (UAE) employing aqueous-based solvents were performed.
Individual quantification of 41 target phenolic compounds was carried out by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Results revealed the presence of 25 phenolic compounds in
the 91 analyzed samples, reaching concentrations up to 252 g g~ !. Statistical tools such as analysis
of variance (ANOVA) and principal component analysis (PCA) were employed to obtain models that
allowed classifying the different honeys according to their botanical origin. Obtained results, based
on TPC, AA and }_phenolic compounds showed that significant differences appeared depending
on the honey variety, being several of the identified phenol compounds being responsible of the
main differentiation.

Keywords: honey; polyphenols; phenolic profile; total phenolic content; antioxidant activity; liquid
chromatography; tandem mass spectrometry; principal components analysis

1. Introduction

Honey is a natural food product well known not only for its nutritional value, but
also for its antimicrobial, antiviral, antifungal, anticancer, and antidiabetic properties,
as several in vitro and in vivo studies have demonstrated [1]. From a compositional
point of view, honey is a highly concentrated solution of complex mixture of sugars:
fructose (38%), glucose (31%), water (17%), maltose (7%), as well as trisaccharides, other
higher carbohydrates, sucrose, minerals, vitamins, and enzymes. Its composition depends
strongly on the plant species from which the nectar or the honeydew was collected, and
other factors, such as postharvest treatments, geographical, environmental or climate
conditions [2,3]. Honey is among the top ten foods with the highest adulteration rate in
the European Union, that implies a detrimental to its quality and consumers safety [4].
To protect this valuable food, a Codex standard for honey was adopted by the Codex
Alimentarius Commission in 1981, being further revised in 1987, 2001 and 2019, to regulate
its production and storage, establishing parameters to guarantee its quality [5]. In 2001,
the European Council, following the Codex recommendations, established the Directive

Foods 2021, 10, 2616. https:/ /doi.org/10.3390/foods10112616 49

https:/ /www.mdpi.com/journal/foods



Foods 2021, 10, 2616

2001/110/EC [6], amended 2014/63/EU [7] that laid down the production and trading
parameters of honey within the member states of the EU. However, several countries
issue national provisions, decisions, and guidelines defining their own physicochemical,
organoleptic and microscopic characteristics, enhancing the difficulties of the applicability
of harmonized regulations [8].

The identification of honey botanical origin is a valuable information to assure honey
quality. In this way, the analysis of its phenolic composition has been employed as a
tool for its classification and authentication [1,9,10]. Phenolic compounds are secondary
metabolites of plants generally involved in their defense against ultraviolet radiation or
pathogens and have been recognized as the main responsible for the antioxidant activity
of honey [11-13]. The most abundant phenol- types in honey are flavonoids, especially
flavones and flavanols, as well as phenolic acids derived from benzoic and cinnamic
acids [2,14].

Several analytical procedures have been reported to determine honey physicochemical
properties including colour, viscosity, pH, moisture, free acidity, electrical conductivity,
sugars, HMF (hydroxymethylfurfural) content, formol index and insoluble solids [15-19],
but due to the high number of existing honey varieties, more specific techniques are needed.
The use of chromatography coupled to mass detectors (MS) to obtain a deep chemical
characterization of this product is a very valuable option. However, the major drawback
for honey analysis is sample preparation since it is a very complex matrix. To estab-
lish the honey aromatic profile, the combination of solid-phase microextraction (SPME)
with gas chromatography-mass spectrometry (GC-MS) has been the main employed tech-
nique [20-22]. On the other hand, for the determination of more polar analytes, including
phenolic compounds, traditional sample preparation involves the use of solid-liquid or
liquid-liquid (SLE, LLE) before LC-MS or HPLC-UV analysis. However, these techniques
are long time consuming, requiring large amounts of organic solvents and further clean-up
steps before analysis. Microwave-assisted extraction (MAE) and ultrasound assisted ex-
traction (UAE) have been also proposed as extraction techniques to determine phenolic
compounds in honey, but their use was not satisfactory in the presence of thermosensitive
flavonoids such as quercetin, kaempferol or myricetin, that are almost degraded as conse-
quence of radiation. On the other hand, both extraction techniques seemed to be suitable
for the extraction of phenolic acids [20].

Therefore, the goal of this work is the development of a miniaturized analytical
methodology to obtain the phenolic profile of Galician honeys (Northwest Spain) from
different varieties and nectar sources. A green, fast and low-cost sample preparation
strategy based on vortex extraction (VE) followed by ultrasound assisted extraction (UAE)
employing aqueous- based solvents was assessed. Individual quantification of 41 target
phenolic compounds was carried out by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Other indexes such as the total phenolic content (TPC) and antioxidant
activity (AA) were also evaluated. Finally, advanced statistical tools such as analysis of
variance (ANOVA) and principal component analysis (PCA) were employed to obtain
models that allow classifying the different honeys according to their origins.

2. Materials and Methods
2.1. Chemicals, Reagents and Materials

The target phenolic compounds, their CAS numbers, molecular mass, log Kow, re-
tention time and MS/MS transitions are summarized in Table 1. Methanol and ultrapure
water, both MS grade, were supplied by Scharlab (Barcelona, Spain). Hydrochloric acid,
formic acid, Folin—-Ciocalteu’s phenol reagent (2M), 2,2-diphenyil-1-picrylhydrazyl (DPPH),
and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox®) were purchased
from Sigma—Aldrich (Darmstadt, Germany). Sodium carbonate was supplied by Panreac
(Barcelona, Spain).

50



Foods 2021, 10, 2616

Table 1. Target phenolic compounds: CAS number, molecular mass (Mm), log Kow, retention time, ionization mode and

MS/MS transitions.

Phenolic Compounds

CAS

Mm

(g mol—1)

log Kow

Retention
Time (min)

MS/MS
Transitions 2

gallic acid

149-91-7

170.1

0.70

261

169.02 — 125.04 (17)
169.02 — 153.1 (15)

phloroglucinic acid

71989-93-0

188.1

1.28

422

168.98 — 150.99 (17)
168.98 — 83.02 (23)
168.98 — 107.02 (22)

B-resorcylic acid 3

89-86-1

154.1

1.63

5.00

153.00 — 109.05 (16)
153.00 — 65.09 (19)
153.00 — 67.07 (23)

protocatechuic acid 3

99-50-3

154.1

0.86

5.00

152.98 — 109.04 (17)
152.98 — 91.04 (28)
152.98 — 108.03 (26)

caftaric acid

67879-58-7

3122

0.21

4.78

310.96— 178.97 (17)
310.96 — 148.96 (14)

protocatechualdehyde

139-85-5

138.1

1.09

5.05

137.07 — 136.11 (21)
137.07 — 91.09 (24)
137.07 — 92.13 (25)

procyanidin Bl

20315-25-7

578.5

577.03 — 407.06 (26)
577.03 — 288.93 (25)
577.03 — 424.97 (26)

p-hydroxybenzoic acid

99-96-7

138.1

137.00 — 93.00 (17)
137.00 — 65.00 (27)

gentisic acid

490-79-9

117.1

152.96 — 108.00 (24)
152.96 — 81.02 (21)
152.96 — 109.01 (16)

catechin

18829-70-4

290.3

289.00 — 245.02 (17)
289.00 — 203.11 (22)

3-hydroxyphenylacetic acid

621-37-4

152.2

0.85

5.70

151.00 — 65.00 (20)
151.00 — 79.00 (20)

procyanidin B2

29106-49-8

578.5

2.29

5.96

577.03 — 407.06 (26)
577.03 — 288.93 (25)
577.03 — 424.97 (26)

gentisaldehyde

1194-98-5

138.1

136.99 — 108.02 (21)
136.99 — 81.08 (18)
136.99 — 109.04 (14)

chlorogenic acid

327-97-9

354.3

1.01

6.12

353.00 — 191.07 (22)
353.00 — 85.09 (43)
353.00 — 93.07 (45)

3-hydroxybenzaldehyde

100-83-4

122.1

1.29

6.22

121.02 — 93.05 (20)
121.02 — 92.05 (23)
121.02 — 120.04 (19)

4-hydroxybenzaldehyde

123-08-0

122.1

122.97 — 95.05 (13)
122.97 — 51.10 (36)
122.97 — 77.05 (20)

vanillic acid

121-34-6

168.2

1.43

167.00 — 108.00 (27)
167.00 — 152.00 (18)

y-resorcylic acid

303-07-1

154.1

2.20

153.00 — 109.05 (17)
153.00 — 65.09 (21)
153.00 — 135.02 (16)

a-resorcylic acid

99-10-5

154.1

6.33

152.97 — 109.01 (15)
152.97 — 65.06 (16)
152.97 — 67.05 (20)

veratric acid

93-07-2

182.2

1.61

6.45

182.96 — 137.08 (6)
182.96 — 106.99 (22)
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Table 1. Cont.

Phenolic Compounds

CAS

Mm
(g mol—1)

log Kow

Retention
Time (min)

Ionization
Mode!

MS/MS
Transitions 2

caffeic acid

331-39-5

180.2

115

6.50

178.98 — 135.03 (19)
178.98 — 134.01 (28)

epicatechin

35323-91-2

290.3

0.51

6.56

289.00 — 245.02 (17)
289.00 — 203.11 (22)

epigallocatechin gallate

989-51-5

458.4

2.56

6.79

457.15 — 169.05 (21)
457.15 — 125.09 (42)
457.15 — 305.09 (21)

gallocatechin gallate

84650-60-2

458.4

2.56

7.29

457.15 — 169.05 (21)
457.15 — 125.09 (42)
457.15 — 305.09 (21)

procyanidin A2

41743-41-3

576.5

577.09 — 287.00 (32)
577.09 — 136.98 (62)
577.09 — 425.08 (13)

umbelliferone

93-35-6

162.1

1.58

7.80

162.99 — 107.04 (22)
162.99 — 77.05 (34)
162.99 — 91.05 (20)

p-coumaric acid

501-98-4

164.2

1.79

7.89

163.02 — 119.07 (18)
163.02— 93.07 (37)
163.02 — 117.05 (38)

catechin gallate

130405-40-2

4423

2.62

441.13 — 289.13 (20)
F4113 — 125.08 (42)
441.13 — 169.05 (24)

trans-ferulic acid

537-98-4

194.2

1.51

192.80 — 177.90 (12)
192.80 — 133.90 (16)

veratraldehyde

120-14-9

166.2

1.22

167.01 — 139.05 (13)
167.01 — 108.05 (21)
167.01 — 124.03 (18)

4-anisaldehyde

123-11-5

136.1

1.76

10.03

136.97 — 109.05 (12)
13697 — 77.05 (23)
136.97 — 94.04 (18)

miquelianin

22688-79-5

478.4

0.20

10.32

479.09 — 461.50 (14)
479.09 — 302.96 (18)

rutin

153-18-4

610.5

0.15

10.35

609.18 — 270.92 (96)
609.18 — 178.87 (44)
609.18 — 300.01 (37)

isoquercitrin

482-35-9

463.4

0.76

10.43

465.07 — 256.90 (41)
165.07 — 302.97 (14)

myricetin

529-44-2

318.2

142

11.43

319.00 — 153.02 (31)
319.00 — 217.06 (31)
319.00 — 245.06 (27)

3,4,5-trimethoxycinnamic acid

90-50-6

238.2

1.58

11.59

239.03 — 221.04 (11)
239.03 — 162.99 (27)
239.03 — 190.01 (19)

3,5-dimethoxybenzaldehyde

7311-34-4

166.2

1.87

11.81

167.15 — 124.03 (17)
167.15 — 77.05 (26)

quercetin

117-39-5

302.2

12.10

303.09 — 229.10 (28)
303.09 — 153.04 (33)

kaempferol

520-18-3

286.2

1.96

12.57

285.07 — 184.91 (30)
285.07 — 239.12 (35)

apigenin

520-36-5

270.2

3.02

12.63

269.09 — 117.12 (37)
269.09 — 149.12 (26)
269.09 — 151.06 (26)

chrysin

480-40-0

254.2

3.52

13.24

253.13 — 143.18 (30)
253.13 — 63.20 (34)
253.13 — 145.16 (31)

1 “_7and “+” indicate negative and positive ionization modes, respectively. 2 Underlined MS/MS transition used for quantification
purpose.® Isomers: 2,4/3,4-dihydroxybenzoic acid.
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Phenolic individual standard stock solutions (500-1000 yg mL~') were prepared
in methanol. Further dilutions and mixtures were prepared in acidified water (0.1%
formic acid)/methanol (80:20, v/v) (AW /MeOH). All solutions were stored at —20 °C and
protected from light. All chemicals and reagents were of analytical grade.

A vortex stirrer by Velp Scientifica (Usmate, Italy) and an ultrasound bath (50 kHz)
from JP Selecta (Barcelona, Spain) were employed to perform the extractions.

2.2. Honey Samples

Ninety-one honey samples from Galicia (Northwest Spain) were kindly supplied
by the protected geographical indication (P.G.I.) Mel de Galicia. Samples were received
in glass jars sealed with aluminum caps. They were stored in the original containers at
controlled temperature (15 °C) and kept away from light until their analysis.

The methodology used for the study of the botanical characteristics was based on
the determination of the pollen contained in the honey by centrifugation. In total, 52%
of the honey samples contained between 2000 and 10,000 grains of pollen per gram of
honey, according to the classes of Maurizio; 39% of these samples contained between 10,000
and 50,000 grains of pollen per gram of honey [19]. The pollen spectrum of the samples
consisted of 82 different pollen types, with 45% of them likely to be labelled as monofloral,
while the remaining 55% were considered multi-floral, in which was included 16% whose
majority origin was honeydew (HD). As regards monofloral honeys, the chestnut (CN,
34%), the blackberry (BL, 27.3%), the eucalyptus (EU, 25%) and, to a lesser extent, the
heather (HE, 13.7%) stand out.

It should be noted that, as for the main proportion of the honey produced in Galicia,
the main types were Castanea, Eucalyptus, Erica, Rubus and Cytisus, all of them in the
dominant category or as companion in the pollen spectrum of honey.

2.3. VE-UAE Procedure

Under the optimal experimental conditions (see Section 3.2), 0.1 g of honey were
weighted in a 1.8 mL glass vial and 1 mL of acidified water (0.1% formic acid)/methanol
(80:20, v/v) (AW /MeOH) was added. The vial was sealed with an aluminum cap furnished
with PTFE-faced septa and the solution was stirred by vortex for 1 min. Afterwards, the
vial was immersed in an ultrasound bath for 1 min (20 °C, 50 KHz). The obtained extract
was filtered through 0.22 pum polytetrafluoroethylene (PTFE) filters and directly injected in
the LC-MS/MS system for phenols analysis (see Section 2.6). The experimental procedure
is summarized in Figure 1.

~

/

;oo &l /
5 -0-0
D > @ — .Q — \ — — —  LC-MS/MS analysis

VE (1 min) UAE Filtration
(1 min, 50 KHz)

0.1 g honey + 1 mL aqueous- based solvent

Figure 1. Schematic representation of the VE-UAE experimental procedure.

2.4. Determination of TPC

The total phenolic content (TPC) of honey samples was determined according to the
Folin—-Ciocalteu (FC) colorimetric method described by Singleton and Rosssi [23]. Honey
sample preparation was performed employing a modified method of Pauliuc et al. [16].
Briefly, 0.5 g of honey sample were diluted in 5 mL of methanol/water (40:60, v/v, pH = 2,
HCl) and magnetically stirred for 15 min. Afterwards, 1.3 mL of this solution was diluted
(1:10, v/v) in water up to a final volume of 13 mL. Then, an aliquot of 5 mL was placed on a
Falcon tube and 100 pL of Folin—Ciocalteu’s phenol reagent and 1 mL of Na,COj3 solution
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(20%, w/v) were added. The Falcon tubes were kept away from light for 30 min. After-
wards, the absorbance was measured at 760 nm in a UV-Vis spectrophotometer Shimadzu
UVmini-1240 (Kyoto, Japan). The TPC was quantified employing a calibration curve pre-
pared with gallic acid standards solutions ranging between 1-20 mg L~! (R? = 0.9990) and
expressed as mg of gallic acid equivalent (GAE) per 100 g of honey (mg GAE 100 g’l).

2.5. Determination of AA

The antioxidant activity (AA) was determined by a modified method of Brand-
Williams et al. [24]. Briefly, 200 uL of the honey solution (0.5 g of honey diluted in 5 mL of
methanol/water, 40:60, v/v, pH = 2, HCI) were introduced in a Falcon tube and 3.9 mL
of the DPPH reagent solution (0.1 mM in methanol) were added. After 30 min in the
absence of light, the absorbance was measured at 515 nm. The AA was quantified em-
ploying a calibration curve prepared with Trolox® (0.1-0.9 mmol TRE g~!, R? = 0.9970).
The AA were expressed as micromoles of Trolox® equivalents (TRE) per 100 g of honey
(umol TRE 100 g~ 1.

2.6. LC-MS/MS Analysis

The optimal instrumental conditions for the detection of the target phenols were adapted
from Celeiro et al. [25]. LC-MS/MS analysis was performed employing a Thermo Scientific
(San José, CA, USA) instrument based on a TSQ Quantum Ultra™ triple quadrupole
mass spectrometer equipped with a HESI-II (heated electrospray ionization) source and an
Accela Open autosampler with a 20 puL loop. The chromatographic separation was achieved
on a Kinetex C18 column (2.6 pm, 100 x 2.1 mm) with a guard column (SecurityGuardTM
ULTRA Holder) obtained from Phenomenex (Torrance, CA, USA). The injection volume
was 10 uL and the column temperature was set at 50 °C. The mobile phase consisted of
water (A) and methanol (B), both containing 0.1% formic acid. The eluted program started
with 5% of B (held 5 min), it was up to 90% of B over 11 min (held 3 min). Then, initial
conditions were reached in 5 min. The mobile phase flow rate was 200 pL. min~!. The total
run time for each injection was 20 min. The mass spectrometer and the HESI-II source were
working simultaneously in the positive and negative mode (see ionization mode for each
target compound in Table 1). Selected reaction monitoring (SRM) acquisition mode was
implemented monitoring 2 or 3 transitions per compound (see Table 1), for an unequivocal
identification and quantification of the target compounds. The system was operated by
Xcalibur 2.2 and Trace Finder™ 3.2.

2.7. Statistical Analysis

Analysis of variance (ANOVA) and principal component analysis (PCA) were per-
formed employing Statgraphics Centurion XVIII software package (Manugistics, Rockville,
MD, USA).

3. Results
3.1. Selection of the Solvent

The 41 target phenols present a high polarity range, as can be seen in Table 1, with log
Kow values ranging between 0.2 and 3.5. Therefore, their chromatographic separation and
response are expected to be highly dependent on the dilution solvent. Different aqueous-
based solvents were tested since one of the objectives of this work is the development of a
green methodology, reduced usage of toxic solvents.

Experiments were performed employing standard solutions containing the 41 target
phenols at 200 g L~! prepared in: methanol (MeOH), acidified water with 0.1% formic
acid (AW) and acidified water (0.1% formic acid)/methanol (80:20, v/v) (AW /MeOH).
Results for some target phenols from high polar to low polar ones are shown in Figure 2.
As can be seen, both aqueous based- solvents provided the highest chromatographic
response for most compounds, especially for the highest polar ones, such as cinnamic- and
benzoic- acids derivatives (gallic-, caftaric-, gentisic-, chlorogenic- acid, etc.). In contrast,
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the use of methanol to prepare the standard solutions for these compounds, resulted in
chromatographic responses up to three times lower than those obtained with the aqueous-
based solvents. Regarding medium polarity compounds, lower differences were observed
for some compounds (x-resorcylic acid, umbelliferone, veratraldehyde, etc.) between the
responses for the three tested solvents, whereas others achieved worse response for MeOH
(epicatechin, p-coumaric acid, etc.). On the other hand, higher responses were obtained
with AW/MeOH and MeOH for the low polar compounds, such as the flavonols quercetin
and kaempferol and the flavones apigenin and chrysin.
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Figure 2. Chromatographic response for some phenols standard solutions (200 pg L) prepared in AW: acidified water
(0.1% formic acid); AW /MeOH: acidified water (0.1% formic)/methanol (80:20, v/v); MeOH: methanol. * Divided /10.

As it is well known, the solvent not only affects the chromatographic response (abun-
dance) of the analytes, but also highly affects the retention efficiency and thus, the chro-
matographic peak shape. Figure 3 shows the comparison between the chromatographic
peaks for protocatechualdehyde (Figure 3a) and chlorogenic acid (Figure 3b) (200 pg L™1)
prepared in AW, AW/MeOH and MeOH.

As can be seen, the standard prepared in methanol presented the worst peak shape,
whereas standard prepared in AW and AW/MeOH showed in both cases satisfactory
peak resolution. This behaviour was similar for most compounds, especially for those
eluting first. Therefore, in view of these results, both aqueous based-solvent solutions were
selected for further experiments.

3.2. VE-UAE Optimization

As previously commented, honey is a viscous and complex matrix, which makes not
easy work with. Therefore, the selection of the most suitable extraction solvent is crucial
to obtain the highest extraction efficiency. In this case, the extraction solvent and sample
amount were optimized to obtain not only the highest extraction efficiency, but also to
assess the possibility of miniaturizing the sample preparation procedure, fulfilling with the
green chemistry principles.
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Figure 3. Peak shape comparison standard solutions (200 pg L) prepared in AW, AW /MeOH and
MeOH for: (a) protocatechualdehyde; (b) chlorogenic acid.

3.2.1. Extraction Solvent

Both aqueous-based solvents pre-selected in the preliminary studies, AW and AW /MeOH
(see Section 3.1), were employed to prepare the honey samples. In this case, 0.1 g of honey
in 1 mL of solvent were employed. Results for some detected compounds in two different
honey samples from different origin, honeydew (HD) and multi-floral (MF) are represented
in Figure 4a. In general, responses were similar for both aqueous- based solvents, exclud-
ing kaempferol, apigenin and chrysin. For these compounds, higher chromatographic
responses, up to two times, were obtained in the two honey varieties, when AW/MeOH
was employed as extractant. These results are in concordance with those previously ob-
tained for the standard solutions of these flavones derivatives. For this reason, the solution
AW /MeOH was selected.

3.2.2. Sample Amount

Until now, in most honey studies the employed amount of sample usually involves
the use of several grams of honey [16,20,26]. Since one of the objectives of the work is to
obtain a miniaturized methodology with a low sample, reagents and solvents consumption,
two different sample sizes were evaluated: 0.1 g and 0.5 g diluted 1:10 w/v. Results are
depicted in Figure 4b, for two honey samples varieties, HD and MF. As can be seen, in
all cases responses were similar employing 0.1 g and 0.5 g, concluding that the use of
only 0.1 g of honey were representative and homogeneous. Therefore, 0.1 g of honey
sample and 1 mL of AW/MeOH were selected, allowing a miniaturization of the extraction
VE-UAE procedure.
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Figure 4. Optimization of the (a) extraction solvent; (b) sample size for two honey varieties (HD10 and MF32). * Response
multiplied x5; ** multiplied x20.

3.3. VE-UAE-LC-MS/MS Performance

Under the optimal experimental conditions that involve the use of only 0.1 g of
honey sample diluted in 1 mL of AW/MeOH, the whole VE-UAE-LC-MS/MS method
was validated in terms of linearity, accuracy and precision. Limits of detection (LODs)
were also calculated. Results are summarized in Table 2. Calibration curves were prepared
in AW/MeOH containing the 41 target phenolic compounds, covering a concentration
range for most compounds from 5 to 10,000 ng L1, with 11 concentration levels (5, 10,
20, 50, 100, 200, 500, 1000, 2000, 5000 and 10,000 ng L’l) and three replicates per level.
The method showed a good linearity, with coefficients of determination (R?) higher than
0.99. Instrumental precision was evaluated within a day (1 = 4) and amongst days (1 = 5)
for all the calibration concentration levels. Relative standard deviation (RSD) values for
200 pg L ! are shown in Table 2, with mean values about 10%. To assess the accuracy of
the proposed method, recovery studies were carried out employing a multi-floral honey
sample (MF28). It is worth noting that only a few methods demonstrated accuracy for such
a high number of phenolic compounds in honey samples and most of them imply the use of
artificial matrices [20] or further experimental steps, mainly based on solid-phase extraction
(SPE) to remove matrix components such as sugars [27]. The study was performed spiking
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Table 2. VE-UAE_LC-MS/MS performance: Linearity, precision, recoveries and LODs.

the honey sample with the 41 target phenolic compounds at 2 g g~ 1. Results depicted in
Table 2 show that recovery values ranged between 70 and 100% for most compounds with
RSD values lower than 8%. Recovery percentages obtained in other studies that apply UAE
were higher for some phenolic acids (gallic acid, p-coumaric acid) while higher values were
obtained in the present study for other compounds, such as myricetin and kaempferol. The
degradation of some flavonoids during the extraction procedure assisted with irradiation
was demonstrated [20]. Those undesirable effects were not observed in the present study

since UAE was only applied for 1 min.

Linearity

Precision (RSD, %)

Phenolic Compounds - Intra-Day Inter-Day Recovery (%) (n]:gc;?l)
(n=4) (n=5)

gallic acid 0.9985 5.3 35 583 +9.0 39
phloroglucinic acid 0.9996 10 9.1 843 +47 137

p-resorcylic acid ! 0.9954 11 7.2
78 £ 11 54

protocatechuic acid ! 0.9937 3.4 45
caftaric acid 0.9973 2.0 9.9 101 £ 5 22
protocatechualdehyde 0.9906 8.6 14 753 +52 16
procyanidine Bl 0.9993 18 16 78 £11 17
gentisicacid 0.9996 14 16 90.5+£73 20
catechin 0.9917 6.5 15 61 +12 46
procyanidine B2 0.9926 3.9 18 59.0 £5.1 18
gentisaldehyde 0.9993 52 15 69.2 £ 1.0 91
chlorogenic acid 0.9992 43 2.6 592 +£27 7.1
3-hydroxybenzaldehyde 0.9986 82 20 71.7 + 44 17
4-hydroxybenzaldehyde 0.9978 13 15 113+ 2 35
y-resorcylic acid 0.9949 1.2 4.7 141 +2 14
a-resorcylic acid 0.9903 7.7 5.3 133+ 7 12
veratric acid 0.9988 16 14 80.5 £ 4.6 40
caffeic acid 0.9962 43 5.6 76.1 £0.8 8.8
epicatechin 0.9946 11 9.7 54.7 + 0.6 6.9
epigallocatechin gallate 0.9940 18 16 76.1 £ 8.0 121
gallocatechin gallate 0.9990 17 3.9 451+83 79
procyanidine A2 0.9975 1.6 6.4 83.8+4.2 12
umbelliferone 0.9928 8.9 12 106 £1 8.0
p-coumaric acid 0.9980 2.6 6.8 66.6 £ 1.7 7.9
catechin gallate 0.9988 7.9 11 71.7 £0.4 16
veratraldehyde 0.9999 42 4.1 773+ 1.0 10
4-anisaldehyde 0.9953 52 9.1 88.9 + 6.2 30
miquelianin 0.9928 13 6.1 115 192
rutin 0.9928 8.3 13 953 + 6.7 29
isoquercitrin 0.9915 15 2.1 - 163
myricetin 0.9982 10 18 103 £ 19 216
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Table 2. Cont.

Linearity Precision (RSD, %) LOD
Phenolic Compounds R Intra-Day Inter-Day Recovery (%) (ng g_l)
(n=4) (n=15)

3,4,5-trimethoxycinnamic acid 0.9944 12 12 869 +5.3 21
3,5-dimethoxybenzaldehyde 0.9985 15 13 76.5+ 9.5 156
quercetin 0.9992 10 19 - 39
kaempferol 0.9906 59 9.7 61.5+59 45
apigenin 0.9168 7.5 54 53.8 £2.8 7.0
chrysin 0.9948 10 6.6 70.3 £ 13 55
trans-ferulic acid 0.9972 7.5 42 105 +2.2 41
vanillic acid 0.9980 2.1 55 87.0+5.7 24
p-hydroxybenzoic acid 0.9922 9.8 49 n.c. 7.0
3-hydroxyphenylacetic acid 0.9977 7.1 44 n.c. 60

! Sum of both isomers: 2,4/34- dihydroxybenzoic acid; n.c. Not calculated since the concentration in the sample was higher than the spike
level (see sample MF28 in Table S2c).

Limits of detection (LODs) were calculated as the compound concentration giving a
signal-to-noise ratio of three (5/N = 3) employing the honey sample spiked with the target
compounds. Results depicted in Table 2 show that they were at the ng g~ ! level for all
target phenolic compounds.

3.4. Analysis of Real Honey Samples
3.4.1. TPC and AA

TPC and AA results for the 91 analyzed samples are summarized in Tables S1 and S2
for samples collected in 2018 and 2019, respectively. The ranges, mean and median concen-
trations for TPC, AA and individual phenolic compounds are shown in Table 3.

Results for TPC were similar in the two evaluated seasons. As shown in Table 3, TPC
values ranged between 48-203 mg GAE 100g~!. As expected, a relationship seems to exist
between the total concentration of target phenolic compounds and the TPC values, since
the highest TPC was found in the heather sample HE1 that shows the highest sum of
phenolic compounds, 252 ug g~!. On the other hand, most of EU and BL honey samples
achieved low TPC.

The AA index ranged between 15-1017 umol TRE 100 g~ for the two seasons. Samples
of honeydew achieved the highest antioxidant activity, reaching 1006 and 1017 umol TRE
100 g~ ! in sample HD4 and HD11, respectively. Results are in concordance, since most
honey samples with high TPC values achieved high AA, as well. In the same way, the
honey sample (EU11) with the lowest TPC (48 mg GAE 100 g ') also reached the minimum
AA concentration (15 pmol TRE 100 g_l).

Results of TPC and AA obtained in the Galician honeys were in consonance with those
reported in other honeys from the same and different origin [19,28]. Thus, both indexes do
not allow differentiating Galician honeys from other honeys, although they might allow to
distinguish between the different honey varieties (see also Section 3.5).

59



Foods 2021, 10, 2616

96T s 46896 98 6T WUT  T6E-EL b 8 9SL 0L o L9 erzes  bess@ £ 0IT 9T Ohe-0rl Tl Uiz g6 sl 8 9 6ec ovsel gr  (i-toordLiow)
~ocr vV
3 3
oIl oIl gelsc 98 €4 €91 €0ze0l ¥ ST @St L61S6 T 4L 8L gel6ll L 6T SIL  wl$9 T 9% €8 I8k 8 99 8  ecgp a1 - 00LAVS )
. ] i - o [spunoduios
<1 1T w-g9 9 66 91l sl ¥ 9 9T se8l T € S 0¢le L Sl oU  1etz T o1 & w8 1L € oglbE Tl Stououd] <
. y 850 3 . o . . SN, . » [0 . y 0z0 » . . "
sco o S50 9 o wo % T o0 11 wewro s seo so F oz w0 w0 %Y ¢ w0 om0 @0 1 0 proe druea
. e . . . . . . . . . . poe
66 FT  SEI€L 0L €l Ol TTE € 0T TF LSO £ 9§ 9§ §64T T 08 §L  TWET € 6 & 9L £ 19 9 T S s foydixomphig
oo
T €T UeZL0 9% 9T LT OFFL b 9T 91 6T€80 T L1 81 STl £ g1 0T ¥eTL T ¥l ¥l €T890 8 €1 ¥l €40 U u_oNcmﬁwéa yo
P90 $90 €610 € €0 850 rIsro v zo 90 980 or w0 w0 01T0 4 060 €60 0T9€0 8  TL Ul L1790 8 690 690  e9 1 ppedunsgsug
oFT €97 6910 9 1T €T Uesl ¥ ST 9T  ¥PE60 < TT 9T THLL L 6T 8T SHES0 I ¥e  §€  6STT 8 61 61 PE0S0 T sk
- . €0 e e 610 ) . 070 ; . 120 : . 160 . . 1£0 . . 660
ero ero 0w ero ero §9 v a0 ero G wo oo w0 K9 s ero oo BN w0 wo Y s w0 a0 S0 o unagide
) . 120 ) . 1£0 ) . 8€0 . ) 170 ) ) 090 - ) 670 ) ) w0 o
e0 weo L e so oso S0 Towo so BBH 4 w0 w0 G v owo owo D0 e w0 oo Fho9 o w0 e [osojduwoey
10 950 U620 $T 60 640 60 1 w0 g0 §% uw o wo oo LY ¢ g0 ov0  elzeo 0 w1 80 g0 £ 10 1g0  BH unoionb
) . %o - - wo . ) ) 0 . . . " y
@wo ewo HGH oo eo o0 GG e , 0 o w0 eo M9 e U apAyaplestue-,
o0 vro FOw s00 w0 Q8 T w0 w0 LYz 0 0 600 600 00 1 0 w0 49 apAyppjeneion
T Wb a0 9 W0 80 9T<00 ¥ <1 L1 €420 < L1 €€ L9WL 4 0T €€ 1-€0 T 1T TT TR0 8 680 €1 THSK0 T proe duewnod-d
. . ) ) ) w0 ) . 150 ) . 290 : ) 50 ) . 180 \ . ££0
szo o B9 e o wo  FY v oeo so 58w oeo o 29z oo se0 FY w0 so  BY s oo oo LY a proe e
S S S 0§18l g1 1 0o 91 91 91 To9r 91 6lTo ¢ 0 pioe oesan
. . 820 . . ' . . €10 . . 01’0 . . 1o . . 800 . . 200 Kor0501-
s00 a0 559 e w0 w0 w0 1 ose0 eo Sz eo soo 99 9 w0 eo  HO 6 0 w0 0 9 w0 w0 49z preogfiosun
. . 1£0 . . ' . . 20 . . 01’0 ) . 4% . . 600 . . 200 o or-
oo oro O er s00 800 800 10 soo S8 1w oo e00 G99 oro eo  Z9 ot w0 w0 9 9 w0 90 DY ¢ peeonbiosud
w0 w0 0Tor0 6 L1 ST STl € 0 0 180 L0 STEE0 ¥ sT0  s€0  s0 L €1 €1 €1l popfyoplezuoghromphyy
0 wo L9 v 0 460 TEELO T 00 OO oro T 0 080 0g0 0£0 tooro oo K9 T s90 eso B9 pophuprezusafxoipdug
' . 610 ) . [ . . 010 . . 10 . . 810 . . 600 . . 01’0
w0 oro Gy @ w0 e G0 e w0 w00 G v wo wo 50 Tow0 w00 FO oo w0 w0 GH 9 oo w0 GG ¢ preowsSenn
0 w0 K8 T w0 o wo 1 0 0 90 wo 1 eo o S0 ¥ o evo g0 FEO ¢ apAyppresnuat
®0  z1 oTeo ze  svo oo KO v sz st ge9r @ 9T ¥ 0Ll £ 080 060 0T9L0 T 040 690 €0r0 8 1o o RO w pre dispuad
. . €0 ) . €20 . ' ' . ; 0 . ) 610 . ’ 0 o
a0 sro FO e wo w0 Y e 0 <00 900 w0 T a0 0 GGG 6 S0 w0 GG s @0 w0 KR s apAysprenyparesojord
800 800 800 I 0 0 0 0o w0 s0 0 1 s0 soo GOz poe deye
. g poe
wo ¢l 11970 9%  6F0 S60 <T9€0 ¥ 89 0L o€€ 19 g¢  os<z < wo ¢ S0z er el 9o 8 w0 ov0 550 Tl omuejeoojord/poe
o wo Snikotosar- g
. . €0 ) . N . . e \ ) 280 ) \ 810 ) ) 70
wo o E9 e se0 seo 80 1 980 980 w0 ¢ 90 w0 B9 v wo wo  HFY 7 w0 s Y ¢ . 0 pweomnngosonyd
080 €40  SFSI0 §T €90 €90 UI-0T0 ¢ ¥9 g 8691 <l €v 8991 L 9F0 760 €680 6 950 460 Izez0 8 w0 9o A9 4 proe orjpes
URIPI]N UBIA a8uey N UCIPIJA  UedjAl afuey N UBIPI]N uEd\ a8uey N UBIPI]N UBIAl afuey N UBIPI]N UBIA a8uey N UBIPIJy| UedJA afuey N UeIPIA uBIN a8uey N spunoduoy
©9£=N) N (=N aH @1=N)aH (L=N) QH/ND @=N)ND ©=N 18 @ =N na SHouRHd

"s&ouoy (J) [eI0-HnW pue (FH) Joypedy ‘(qH) mapLauoy ‘skouoy (QH/ND) mapAsuoy /inuwsaypd pue (ND) Inusayd ‘(19)
Kazagppoelq ‘(Ndg) smdATeons 105 (;_S001 FUL [ow) vy pue (;_3001 VD Swr) D1 ‘(-8 8) spunodwod orjouayd jo uerpaw pue uonenuoU0d UesW ‘D3ury ‘¢ A[qEL

60



Foods 2021, 10, 2616

3.4.2. Individual Phenolic Content

Individual target phenolic compounds concentrations, as well as the sum of them for
the 91 analyzed samples are summarized in Tables S1 and S2, and concentration ranges for
the analyzed varieties are shown in Table 3.

Among the 41 target phenolic compounds, 22 were found in the samples of the
2018 season whereas 25 were detected in samples of 2019. The highest concentration of
individual phenolic compounds was found in the heather variety (HE), with total phenolic
compounds concentrations reaching 252 ug g1, especially owing to the high content of
3-hydroxyphenylacetic acid (242 pg g~ ! in sample HE1). The sum of phenolic compounds
was highly influenced by the concentration of this compound since it was found in 33 of
the 91 analyzed samples at a mean value of 35 ug g~ ! and in the range 0.41-242 ug g 1. It
is worth noting that these high 3-phenoxyphenylacetic acid contents do not confer high
antioxidant activities to the HE honey, compared with those containing honeydew.

Regarding those samples that were not highly affected by 3-phenoxyphenylacetic acid,
honeydew honeys (HD) contained high concentration of the sum of phenolic compounds,
with 35 and 25 ug g~ ! in 2018 and 2019 seasons, respectively. In the same way, the mixture
chestnut/honeydew variety (CN/HD) reached concentrations up to 30 ug g~ for the sum
of the target phenolic compounds. On the other hand, the lowest concentration for the
sum of phenolic compound was detected in a eucalyptus honey (EU11) with 3.4 ug g~ 1. In
general, results were similar in both seasons and the values were in concordance with the
TPC and AA.

The most abundant phenolic compound, detected in all the analyzed honey samples,
was p-hydroxybenzoic acid, in a concentration range from 0.68 to 5.1 ug gfl. Other benzoic-
and hydroxycinnamic- derivates acids, such as gallic or protocatechuicacid, were found at
high concentrations, up to 10 pg g~ ! in honeydew (HD), 8.0 ug g~ in chestnut/honeydew
(CN/HD) and 4.6 ug g’1 in blackberry (BL) varieties. It is important to note that 7 of the
14 chestnut samples collected during the 2019 campaign contained honeydew, which could
contribute to the concentration increase. In HD samples, gentisic acid (present in 86 honeys)
reached the highest mean concentration of 2.7 ug gfl. Additionally, p-coumaric acid, which
was found in all samples, achieved concentrations up to 12 ug g~ ! in multi-floral (MF)
honeys. P-coumaric acid content fluctuations could be observed within the same variety;
however, the highest concentrations and fluctuations occurred in multi-floral (MF) honeys,
with values ranging from 0.1 to 12 pg g

Veratric acid was detected only in six honey samples of several types (BL, CN, HD
and MF) at concentrations around 1.5 ug g~ .

As regards aldehydes, 3-hydroxybenzaldehyde and 4-hydroxybenzaldehyde appeared
in several samples of different honey varieties (EU, BL HE, CN and MF) at concentrations
of up to 1.2 and 2.0 pg g, respectively. It is important to note the absence of these
two aldehydes in the honeydew samples as well as in the chestnut honeys with honey-
dew (CN/HD), except in sample HD10 in which 3-hydroxybenzaldehyde appeared at a
concentration of 0.10 pg g~ 1.

Concerning other families, 2 of the 3 targeted flavonols were found in the samples:
quercetin in 69 samples and kaempferol in 40 honey samples, whereas myricetin was not
detected in any sample. Additionally, the flavones chrysin and apigenin were found in 91
and 84 honey samples, respectively. They were present at concentrations up to 5.9 ug g™,
for chrysin in BL8, and 0.43 pg g~ !, for apigenin in MF5. In contrast, flavanol compounds
(catechin, epicatechin, gallocatechin gallate) were not detected in the analyzed samples.
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3.5. Chemometric Study
3.5.1. Analysis of Variance (ANOVA)

One way ANOVA was performed to assess statistical differences between the botanical
origin of honeys based on their bioactive properties (TPC and AA) and their phenolic
profile/composition at a 95% of confidence level. One way ANOVA was selected instead
of two ways because the harvest year was not statistically significant (data not shown).

The mean values and box-and-whiskers plots obtained from TPC and AA values are
depicted in Figure 5a,b, respectively.
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Figure 5. Mean values and box-and-whiskers plots for the different honey varieties based upon
(a) TPC; (b) AA.

Concerning TPC, three different homogeneous groups could be determined and be
easily visualized in Figure 5a. One group was formed by BL and EU honey varieties, the
second one was formed by CN and MF, and the last group was formed by CN/HD, HD
and HE honeys. These results were confirmed with those obtained in a multiple range least
significant difference (LSD) test (data not shown).

Regarding AA (Figure 5b), three statistically different groups were obtained. The first
one formed by HD, the second by the mixture CN/HD and the rest of honey varieties (BL,
CN, EU, HE and MF) constituted the third one.

Considering the total concentration of phenolic compounds found in the analyzed
samples (see Figure 6), only two groups could be differentiated. This was in concordance
with the multiple range test: one formed by HE honey variety, and another group formed
by the other varieties (BL, CN, CN/HD, EU, HD and MF). These results demonstrate the
high influence of the concentration of 3-hydroxyphenylacetic acid in the sum of phenolic
compounds, since it was detected at concentrations over to 200 pg g~ ! in the HE samples,
as already mentioned in Section 3.4.2.
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Figure 6. Mean values and box-and-whiskers plots for the different honey varieties based upon the
sum of target phenolic compounds concentration.

3.5.2. Principal Components Analysis (PCA)

Honey classification based upon the presence of different target phenolic compounds
was one of the objectives of this study. For this reason, a principal components analysis
(PCA) was employed by means of a data matrix including the 91 analyzed samples and
25 variables given by the responses of the 25 phenolic compounds detected after LC-
MS/MS analysis.

The phenolic compounds responses were auto-standardized by the Statgraphics soft-
ware. Only principal components with the largest eigenvalues and greater than one were
retained (Kaiser criterion). Six principal components (PC) were then retained and were
enough to explain about 70% of variance (data not shown). As an example, the PC1 and
PC2 and the PC1 and PC3 scatter plots for the 91 samples of different honey varieties are
depicted in Figure 7a,b, respectively. A plot of component weights for PC1 and PC2 is also
depicted in Figure 7c.

PC1 was mainly positively influenced by acids (gallic acid, 3-resorcylic acid, proto-
catechuic acid and gentisic acid), and negatively by aldehydes (protocatechualdehyde,
3-hydroxybenzaldehyde, 4-hydroxybenzaldehyde and 4-anisaldehyde) (Figure 7c).

In contrast, PC2 was highly positively affected by phenolic acids (caffeic acid, trans-
ferulic acid and p-coumaric acid), flavones (apigenin and chrysin), flavonols (quercetin
and kaempferol) (Figure 7c).

As can be seen in Figure 7a,b, three different groups can be distinguished. Honeydew
(HD) honeys as well as chestnut with honeydew (CN/HD) can be classified as one group
positively highly influenced by PC1. On the other hand, three samples of heather honey
(HE), negatively affected by PC1, can be gathered, whereas BL honeys are clearly differenti-
ated according to PC2. Besides, a group including some of the EU honey samples can be
differentiated.

Chestnut honeys are not clearly differentiated by any of the PC, although four of them
(CN6, CN8, CN9 and CN10) show a simultaneous high concentration of quercetin, chrysin
and trans-ferulic acid, as expressed in PC2 (Figure 7a). Blackberry honeys also contain high
proportions of these three compounds plus kaempferol.

The plot of component weights depicted in Figure 7c indicates which compounds are
dominant for each type of honey. For honeydew honey, gallic acid is the main chemical
marker along with B-resorcylic acid and protocatechuic acid.
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Figure 7. PCA analysis. Scatter plot of (a) PC1 and PC2; (b) PC1 and PC3; (c) plot of component
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In the case of heather honeys, 4-anisaldehyde, 3-hydroxyphenylacetic acid and 4-
hydroxybenzaldehyde appear as main markers.

Most of the 32 multi-floral honeys are located at the centre of the PCA-2D component
plots, confirming that with such a mixture of nectars coming from multiple plant species,
no specific group and no specific origin can be identified.

Nevertheless, these results also show that PCA is a suitable approach to identify
groups of honey from different botanical origins.

4. Conclusions

91 Galician honeys obtained from different botanical origins and nectar sources were
analyzed to assess their similarities, differences and correlations in terms of phenolic
profiles. A miniaturized, fast and environmentally friendly methodology based on VE-
UAE-LC-MS/MS was successfully developed. Results revealed the presence of 25 out of
the 41 target phenolic compounds in the 91 analyzed samples. TPC and AA were also
evaluated, showing mean values around 121 mg GAE 100g ™! of honey and 340 pmol TRE
100g~?, respectively. ANOVA and PCA results based on TPC, AA and Y phenolic com-
pounds concentrations, revealed significant differences depending on the honey variety,
demonstrating that phenolic compounds can be used as indicators to identify their floral
origin. This study proves that the combination of chromatographic analysis with mass spec-
trometry detection and PCA are suitable tools to investigate the botanical authentication of
honey and to guarantee its quality and origin.
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honeys in the 2019 season.
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Abstract: For long heather honey has been a special variety due to its unique organoleptic char-
acteristics. This study aimed to characterize and optimize the isolation of the dominant volatile
fraction of Greek autumn heather honey using solid-phase microextraction (SPME) followed by gas
chromatography-mass spectrometry (GC-MS). The described approach pointed out 13 main volatile
components more closely related to honey botanical origin, in terms of occurrence and relative
abundance. These volatiles include phenolic compounds and norisoprenoids, with benzaldehyde,
safranal and p-anisaldehyde present in higher amounts, while ethyl 4-methoxybenzoate is reported
for the first time in honey. Then, an experimental design was developed based on five numeric factors
and one categorical factor and evaluated the optimum conditions (temperature: 60 °C, equilibration
time: 30 min extraction time: 15 min magnetic stirrer velocity: 100 rpm sample volume: 6 mL
water: honey ratio: 1:3 (v/w)). Additionally, a validation test set reinforces the above methodology
investigation. Honey is very complex and variable with respect to its volatile components given the
high diversity of the floral source. As a result, customizing the isolation parameters for each honey is
a good approach for streamlining the isolation volatile compounds. This study could provide a good
basis for future recognition of monofloral autumn heather honey.

Keywords: autumn heather honey; Erica manipuliflora Salisb.; volatiles; gas chromatography-mass
spectrometry; solid-phase microextraction; optimization; response surface methodology

1. Introduction

Honey bees (Apis mellifera L.) are primary pollinators with an important role in ecosys-
tem conservation [1], offering many services and products, such as honey. Honey through
the centuries has always been a vital food for humans, with many health properties [2,3].
The Mediterranean region, specifically Greece pronounces a set of several common and rare
monofloral honeys in international markets [4]. Additionally, nowadays few rare honeys,
like heather, have become increasingly well-known for their special characteristics and
have received several awards in national and international food quality or taste competi-
tions [5]. The term “heather” is used for plant species belonging to Erica and Calluna genera.
However, this term is used to describe the honey produced from Calluna vulgaris (L.) Hull
and not from other Ericaceae botanical sources [6]. In relation to honey from common
species, including Erica arborea L., Erica carnea L., and Erica cinerea L., the given names are
“Tree heath”, “Spring heather”, and “Bell heather”, respectively [6].
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Greek flora includes four Ericaceae nectar-secretion bee plants. Two of them are spring
flowering species including Erica arborea L., and Rhododendron sp. while the other two
(Erica manipuliflora Salisb. and Arbutus unedo L.) bloom in autumn. Erica manipuliflora is
indigenous in Greece and is known as “autumn heather”, while the traditional term used
is “sousoura”. However, honey from E. manipuliflora should not be confused with other
heather honeys produced during autumn, including from C. vulgaris, and Erica multiflora L.
Monofloral autumn heather honey can be quite easily produced [7], as its collection period
does not coincide with the blooming of other bee plants, with the exception of A. unedo
honey, which blooms in late autumn and its blooming period follows that of E. manipuliflora.

Greek autumn heather honey is well-known for its extraordinary aroma profile, char-
acterized by perfume reminiscent “caramel” notes, which is worth studying since data
for this honey variety are scarce. In the last twenty years, just two studies [8,9] have dealt
with the volatile fraction of E. manipuliflora honey. However, there are numerous studies
concerning heather honey [7,10-17]. As shown in a review study [18], the above studies
refer to different botanical species, geographical origin, number of samples, isolation, and
analysis procedures.

The volatile isolation method is usually followed by gas chromatography-mass spec-
trometry (GC-MS), and plays a significant role in the qualitative and quantitative deter-
mination of volatiles. Solid-phase microextraction (SPME) as a volatile fraction extraction
methodology constitutes a simple procedure with no pre-treatment of samples and envi-
ronmentally friendly solvents [19]. The main factors, including temperature, equilibration
time, extraction time, sample volume, water-honey ratio, and magnetic stirring velocities
contribute simultaneously to the isolation of volatiles, sometimes synergistically [20]. For
this reason, it is necessary to study all-factors-at-a-time, in terms of their effectiveness of
volatiles isolation. This may be possible by using multivariate statistic techniques, like
response surface methodology (RSM) [20,21].

The aim of the present study was the identification and semi-quantification of the
volatile fraction of indigenous monofloral Greek autumn heather honey from E. manipuliflora.
The main SPME factors were simultaneously examined for their potential to isolate the
dominant volatile fraction and each molecule separately using RSM.

2. Materials and Methods
2.1. Honey Samples

The analyses of volatiles were carried out to 25 honey samples provided directly by
Greek beekeepers. Samples were produced during the 20192021 harvest period. The
botanical origin was assessed by the beekeepers and then confirmed by melissopalynologi-
cal [22], and physiochemical analysis [23,24], as previously described [25]. Floral origin
was confirmed firstly according to European [26] and secondly according to the more strict
Greek [27] legislation (sum of fructose and glycose not less than 60% w/w; sucrose content
not more than 5% w/w; moisture content not more than 20% w/w; electrical conductivity
not more than 800 (1S cm™1); diastase activity (Schade scale) not less than 8; HMF not more
than 40 mg kg~ 1; heather pollen not less than 45%). Honey samples were kept in the dark
at 4 °C in hermetically closed glass bottles until further analysis.

2.2. Experimental Design

A central composite design (CCD) was used combined with RSM methodology by
Box and Wilson [28]. A flexible design structure was constructed to accommodate a custom
model, with numeric and categorical independent factors and irregular constrained regions.
Five numeric factors (A, B, C, D, and E) and one categorical factor (F) were analyzed by
a quadratic design domain. A total of 38 runs were determined by a selection criterion
chosen during the experimental design (Table 1).
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Table 1. Independent experimental factors and design layout runs.

Run A: Temperature B: qu;i]ibration C: Ex?raction D MagnetiF E: Sample F: Water:.
ime Time Stirrer Velocity Volume Honey Ratio

Units °C min min rpm mL v/w
1 30.0 5.0 15.0 700.0 4.0 1:3
2 30.0 5.0 60.0 400.0 2.0 1:1
3 30.0 5.0 15.0 100.0 6.0 1:1
4 30.0 5.0 30.0 700.0 6.0 3:1
5 30.0 5.0 15.0 100.0 2.0 1:3
6 30.0 15.0 15.0 100.0 4.0 3:1
7 30.0 15.0 60.0 700.0 6.0 1:3
8 30.0 15.0 15.0 700.0 2.0 1:1
9 30.0 30.0 30.0 400.0 6.0 1:3
10 30.0 30.0 60.0 100.0 2.0 1:3
11 30.0 30.0 60.0 700.0 6.0 1:1
12 30.0 30.0 60.0 100.0 6.0 3:1
13 30.0 30.0 15.0 700.0 6.0 3:1
14 30.0 30.0 30.0 100.0 4.0 1:1
15 30.0 30.0 60.0 700.0 2.0 3:1
16 45.0 5.0 60.0 100.0 6.0 1:3
17 45.0 5.0 60.0 700.0 2.0 1:3
18 45.0 5.0 15.0 400.0 4.0 1:1
19 45.0 15.0 60.0 100.0 2.0 1:1
20 45.0 15.0 60.0 700.0 6.0 3:1
21 45.0 30.0 15.0 100.0 6.0 1:3
22 45.0 30.0 30.0 100.0 2.0 3:1
23 45.0 30.0 15.0 700.0 2.0 1:3
24 60.0 5.0 60.0 100.0 2.0 3:1
25 60.0 5.0 15.0 100.0 6.0 3:1
26 60.0 5.0 60.0 700.0 6.0 1:1
27 60.0 5.0 30.0 100.0 2.0 1:1
28 60.0 5.0 15.0 700.0 6.0 1:3
29 60.0 5.0 60.0 400.0 6.0 3:1
30 60.0 5.0 15.0 700.0 2.0 3:1
31 60.0 15.0 30.0 400.0 2.0 1:3
32 60.0 30.0 60.0 100.0 6.0 1:1
33 60.0 30.0 30.0 700.0 4.0 3:1
34 60.0 30.0 15.0 100.0 2.0 1:1
35 60.0 30.0 15.0 700.0 6.0 1:1
36 60.0 30.0 60.0 700.0 6.0 1:3
37 60.0 30.0 60.0 700.0 2.0 1:1
38 60.0 30.0 15.0 100.0 4.0 1:3

69



Foods 2021, 10, 2487

The responses of the volatile compounds expressed as chromatographic area (%)
were used as dependent variables. For this purpose, a randomly selected sample was
used for response prediction. The model’s fitness was confirmed by analysis of variance
(ANOVA) and the determination coefficient (R?) using p-values. Dependent variables were
also confirmed by the Box-Cox, correlations, and normality of residuals statistical tests.
All possible optimized solutions, for (a) volatile profile and (b) each volatile molecule
separately were evaluated by maximizing desirability indices. The robustness of the model
was validated with response data of 24 samples according to the optimum SPME solution.

Statistical analysis was carried out using Desing-Expert 11.0.5.0 (Stat-Ease, Inc.,
Minneapolis, MN, USA).

2.3. Isolation and Analysis of Volatile Compounds

Isolation of the volatile fraction was done based on experimental design layout run
(Table 1) using a manual holder with triple-phase divinylbenzene/carboxen/polydimethyl-
siloxane (DVB/CAR/PDMS,) fiber 50/30 um (Supelco, Bellefonte, PA, USA) with length of
1 cm. Before each analysis, fibers were conditioned at 270 °C. Moreover, a blank sample
was performed for cleaning from previous volatile residues. Then, a predetermined volume
ratio of water: Honey (v/w) was transferred in 15 mL screw top (22.7 x 86 mm) vials with
PTFE/silicone septa and a portion of 20 uL (300 g mL~! in methanol) of benzophenone
(Alfa Aesar, Kandal, Germany) was added as an internal standard.

RSM experiments were performed using a Trace Ultra gas chromatograph (GC)
(Thermo Scientific Inc., Waltham, MA, USA), coupled with a mass spectrometer (MS)
(DSQII, Thermo Scientific Inc., Waltham, MA, USA). GC-MS was performed with a Restek
Rtx-5MS (30 m x 0.25 mm i.d., 0.25 um film thickness) chromatography column with he-
lium as carrier gas at a 1 mL min~! rate. The chromatography conditions and temperature
program have been previously described [29]. In brief, the GC inlet temperature 260 °C
in the splitless mode for 3 min, with a 0.8 mm injector liner (SGE International Pty Ltd.,
Ringwood, Australia). Oven temperature was adapted to 40 °C for 6 min, then increased
to 120 °C at a rate of 5 °C min—!, followed by an increment of 3 °C min~! up to 160 °C
and up to 250 °C with a step of 15 °C min~!. Finally, the temperature of 250 °C was kept
constant for 1 min. The transfer line and injector temperatures were maintained at 290 and
220 °C, respectively. Electron impact was 70 eV, and mass spectra were recorded at the
35-650 mass range.

The peak identification was achieved with the Wiley 275 mass spectra library, and
the arithmetic index provided by Adams [30]. Retention Index (RI) values of volatile
compounds were calculated using n-alkane (C8-C20) standards (Supelco, Bellefonte, PA,
USA). The isolated compounds were semi-quantified against the internal standard (ben-
zophenone) and expressed as mg kg ! of honey. All samples were analyzed in triplicate.

3. Results and Discussion
3.1. Evaluation of Isolated Volatile Compounds

In total, 49 volatile compounds were identified, including esters, hydrocarbons, alco-
hols, aldehydes, ketones, acids, terpenoids, and others (Table 2).

Esters have been encountered almost always in all blossom and honeydew honeys
with some of them being dominant volatiles [18]. In our results, most esters were detected in
small amounts except for methyl nonanoate. However, methyl nonanoate has been reported
at much higher concentrations in honeydew honey, like fir and pine [29]. This presence
could occur in the collection period of pine honey by the bees in October. Moreover,
methyl octanoate and methyl dodecanoate can be related to the above conjecture [29]. Ethyl
4-methoxybenzoate was a derivative coming from p-anisic acid which has been reported
in Erica arborea L. honey [10] by a Likens-Nickerson steam distillation (L-N) isolation
technique. However, ethyl 4-methoxybenzoate was worth studying as it has not been
detected in other botanical sources yet.
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Table 2. Volatile compounds isolated from headspace of autumn heather honey.

No. Volatile Compounds thﬁls’er RT? RIP (mévlkilgl,l) (mé\/lkagxil) (ﬁgel:;gj)
Esters
1 methyl benzoate 93-58-3 17.3 1093 0.00 0.33 0.02
2 methyl octanoate 111-11-5 183 1124 0.00 0.17 0.06
3 ethyl benzoate 93-89-0 19.6 1165 0.00 1.68 0.11
4 methyl 2-phenylacetate 101-41-7 19.8 1179 0.00 0.32 0.04
5 mﬂ(‘ﬁeﬁ;yli;‘fgﬁ’aetgoate 119-36-8 204 1192 0.00 0.54 0.06
6 methyl nonanoate 1731-84-6 21.3 1222 0.06 0.44 0.16
7 methyl decanoate 110-42-9 243 1322 0.00 0.10 0.05
8 ethyl fE'g‘l‘;tI};‘;"iZ:;‘)‘zoate 94-30-4 287 1458 0.00 0.24 0.02
9 methyl dodecanoate 111-82-0 30.8 1521 0.00 0.06 0.01
10 benbzi;(i'_?;fgiyclifgzylia " 84-69-5 39.0 1859 0.00 0.07 0.02
Hydrocarbons
11 octane 111-65-9 6.3 800 0.00 0.18 0.06
12 nonane 111-84-2 10.3 898 0.00 0.16 0.03
13 undecane 1120-21-4 17.6 1101 0.10 0.52 0.21
14 dodecane 112-40-3 20.7 1201 0.00 0.18 0.02
Alcohols
15 oct-1-en-3-ol 3391-86-4 134 981 0.00 0.26 0.02
16 2-ethylhexan-1-ol 104-76-7 15.1 1029 0.00 0.16 0.03
5-(3,3-dimethyloxiran-2-yl)-3-
17 methylpent-1-en-3-ol 5989-33-3 16.6 1072 0.00 0.35 0.07
(cis-linalool oxide)
18 2-phenylethan-1-ol 60-12-8 17.9 1114 0.00 0.34 0.06
4-methyl-1-(prop-1-en-2-
19 yl)cyclohex-3-en-1-ol 3419-02-1 20.0 1183 0.00 0.54 0.02
(1,8-methadien-4-ol)
20 3,4,5-trimethylphenol 527-54-8 24.0 1314 0.00 0.93 0.08
21 oxatriifc'i?[iif)e.gfzzgg;;-7-ol 97371-50-1 293 1476 0.00 0.11 0.01
6,6-dimethyl-5-
22 methylenebicyclo[2.2.1]heptan-2-ol 3570-04-5 30.5 1510 0.00 0.38 0.02
(6-camphenol)
Aldehydes
23 furan-2-carbaldehyde (furfural) 98-01-1 7.4 826 0.01 2.61 1.14
24 benzaldehyde 100-52-7 12.6 959 0.02 1.44 0.18
25 octanal 124-13-0 14.2 1001 0.00 0.15 0.05
26 2-phenylacetaldehyde 122-78-1 15.6 1041 0.00 0.85 0.16
27 nonanal 124-19-6 17.7 1104 0.07 0.46 0.19
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Table 2. Cont.

. CAS a b Min Max Average
No. Volatile Compounds Number RT RI (mg kg 1) (mg kg1) (mg kg 1)
2,6,6-trimethylcyclohexa-1,3-diene-
28 1-carbaldehyde 116-26-7 20.6 1198 0.00 0.54 0.12
(safranal)
29 decanal 112-31-2 20.8 1205 0.00 0.35 0.15
30 4-methoxybenzaldehyde 123-11-5 24 1261 0.00 1.36 023
(p-anisaldehyde)
Ketones
31 1-(furan-2-yl)ethan-1-one 1192-62-7 10.6 907 0.07 0.34 0.16
32 cyclohex-2-en-1-one 930-68-7 14.7 1015 0.00 0.15 0.01
33 3,5/5-trimethylcyclohex-2-en-1-one 78-59-1 18.2 1120 0.01 416 043
(a-isophorone)
2,6,6-trimethylcyclohex-2-ene-1,4-
34 dione 1125-21-9 189 1143 0.01 0.89 0.13
(4-oxoisophorone)
2-hydroxy-3,5,5-trimethylcyclohex-
35 2-en-1-one 4883-60-7 19.0 1145 0.00 0.29 0.09
(2-hydroxyisophorone)
36 1-(1,4-dimethylcyclohex-3-en-1- 43219-68-7 19.1 1149 0.00 022 0.02
yl)ethanone
(E)-1-(2,6,6-trimethylcyclohexa-1,3-
37 dien-1-yl)but-2-en-1-one 23726-93-4 26.0 1377 0.00 0.16 0.05
(B-damascenone)
3 (Br4Qadtrimethyleycohexad s g7 g 276 1420 0.00 0.10 0.01
dien-1-yl)but-3-en-2-one
(E)-1,6,6-trimethyl-7-(3-oxobut-1-
39 en-1-yl)-3,8- 192009 © 28.0 1437 0.00 0.23 0.05
dioxatricyclo[5.1.0.02,4]octan-5-one
(E)-4-(2,6,6-trimethylcyclohexa-1,3-
40 dien-1-yl)but-3-en-2-one 1203-08-3 29.2 1474 0.00 0.10 0.01
(Dehydro-beta-ionone)
1-(4-(tert-butyl)-2,6- Y
41 dimethylphenyl)ethan-1-one 2040-10-0 33.3 1584 0.00 0.14 0.04
0 (E)-35,5-trimethyl-4-(-oxobut-1- - 19, 6o 7 350 1654 0.00 0.09 0.02
en-1-yl)cyclohex-2-en-1-one
Acids
43 nonanoic acid 112-05-0 23.2 1288 0.00 0.27 0.11
Terpenoids
44 I-methyl-4-propan-2-ylbenzene 99-87-6 149 1022 0.00 015 0.01
(p-cymene)
1-methyl-4-(prop-1-en-2-
45 yl)benzene 1195-32-0 17.2 1090 0.00 0.18 0.02
(p-cymenene)
46 1-methoxy-4-propylbenzene 104-45-0 235 1299 0.00 0.83 0.04

(4-propylanisole)
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Table 2. Cont.

. CAS a b Min Max Average
No. Volatile Compounds Number RT RI (mg kg 1) (mg kg1) (mg kg 1)
Others
(25,8aR)-2,5,5,8a-tetramethyl- oL
47 356 8a-tetrabydro2H chromene  £167829°9 239 1306 0.00 0.09 0.01
1,1,5-trimethyl-1,2- .
48 dihydronaphthalene 357258 25.2 1352 0.00 0.19 0.08
49 8-isopropyl-1-methyl-1,2,34- 81603-43-2 315 1535 0.00 0.11 0.05

tetrahydronaphthalene

a RT: Retention time (min); ® RI: Experimental retention index; © NIST#.

Hydrocarbons were detected in most samples with undecane having the highest
average compared to the rest. This class of volatiles is very common among honeys [18].

The chemical group of alcohols including 5-(3,3-dimethyloxiran-2-yl)-3-methylpent-
1-en-3-ol (syn: cis-Linalool oxide) [11,17] and 2-phenylethan-1-ol [10,13,19] have been
previously identified as dominant volatiles compounds of citrus, acacia, chestnut, and
thyme honeys [18]. The compound, 3,4,5-trimethylphenol, has been previously de-
scribed as one of the major volatile compounds of heather honey from Poland [14]. Fur-
thermore, 4,6,10,10-tetramethyl-5-oxatricyclo[4.4.0.01,4]dec-2-en-7-o0l and 6,6-dimethyl-
5-methylenebicyclo[2.2.1]heptan-2-ol (6-camphenol) have been reported in Erica spp. hon-
eys from Iberian Peninsula [17]. Nevertheless, the latter was not identified in all of
our samples.

Aldehydes were detected in all samples, in smaller or larger amounts. Octanal,
nonanal, and decanal were present in small quantities and are considered as impor-
tant components of honeydew honey volatile profile [18]. Benzaldehyde [11,19] and
2-phenylacetaldehyde [13,16,17] were detected in all samples at a remarkable concen-
tration. In addition, 2,6,6-trimethylcyclohexa-1,3-diene-1-carbaldehyde (safranal) [7]; 4-
methoxybenzaldehyde (p-anisaldehyde) [10], and furan-2-carbaldehyde (furfural) [13]
have been attributed to heather honey.

Ketones include many degraded carotenoids related to heather honey. Some of
these compounds, such as 3,5,5-trimethylcyclohex-2-en-1-one (a-isophorone); 2,6,6-
trimethylcyclohex-2-ene-1,4-dione (4-oxoisophorone); 2-hydroxy-3,5,5-trimethylcyclohex-2-
en-1-one (2-hydroxyisophorone); (E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one
(B-damascenone); (E)-1,6,6-trimethyl-7-(3-oxobut-1-en-1-yl)-3,8-dioxatricyclo[5.1.0.02,4]octan-
5-one; and (E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-3-en-2-one [10,13,14,31] are
known heather honey compounds, all of which have been detected in our samples. Notably,
1-(furan-2-yl)ethan-1-one was found in all samples.

Terpenoids, acids, and other compounds do not include significant volatile compounds
of heather honey, except for 1,1,5-trimethyl-1,2-dihydronaphthalene and 8-isopropyl-
1-methyl-1,2,3 4-tetrahydronaphthalene, that have been identified in another study as
well [17].

Other studies refer to hotrienol, cis-linalool oxide, and 2-phenylacetaldehyde as the
main volatile compounds of Erica spp. honey [13,17,19]. However, this is not confirmed
by our samples. Hotrienol was not detected in any of our samples. Oxide of cis-linalool
was linked with hive atmospheres or combustion of wood /vegetation during beekeeping
activity [32], and 2-phenylacetaldehyde also had been reported in relevant concentrations,
while some studies attribute this molecule to long-term storage by enzymatic catalysis of
phenylalanine or heat treatment [33]. Furan derivatives identified in some of our samples,
emanate from thermal processing and/or prolonged storage [34-36] and cannot be related
to honey botanical origin.
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3.2. Optimization of Each Dominant Volatile Compound

Several SPME conditions (A: Temperature; B: Equilibration time; C: Extraction time;
D: Magnetic stirrer velocity; E: Sample volume; F: water: honey ratio) were investi-
gated to determine the most suitable conditions for each volatile compound. A total
of 13 volatile compounds were chosen for optimization (responses R1-R13) (Table 3). These
compounds were selected as they constitute dominant and characteristic responses of
autumn heather honey.

Table 3. Dominant volatile compounds (responses R1-R13).

Response Volatile Compound Min (%Area) Max (%Area)  Mean (%Area) Std. Dev.
R1 benzaldehyde 1.59 6.70 4.52 1.22
R2 3,5,5-trimethylcyclohex-2-en-1-one 0.00 1.11 0.59 0.36
R3 2,6,6-trimethylcyclohex-2-ene-1,4-dione 0.00 2.90 1.32 0.75
R4 2-hydroxy-3,5,5-trimethylcyclohex-2-en- 053 288 142 0.55

1-one
RS 2,6,6-trimethylcyclohexa-1,3-diene-1- 0.98 457 237 0.81
carbaldehyde
R6 4-methoxybenzaldehyde 0.00 13.52 6.25 4.07
R7 3,4,5-trimethylphenol 0.00 0.72 0.22 0.29
R8 1,1,5-trimethyl-1,2-dihydronaphthalene 0.00 6.09 2.00 1.53
R9 (E)-1-(2,6,6-trimethylcyclohexa-1,3-dien- 0.00 1.80 113 0.40
1-yl)but-2-en-1-one
(E)-1,6,6-trimethyl-7-(3-oxobut-1-en-1-
R10 yl)-3,8-dioxatricyclo[5.1.0.02,4]octan- 0.00 1.38 0.63 0.53
5-one
R11 ethyl 4-methoxybenzoate 0.00 3.96 1.39 1.30
R12 (E)-4-(2,6,6-trimethylcyclohexa-1,3-dien- 0.00 218 037 0.48
1-yl)but-3-en-2-one
RI13 4,6,10,10-tetramethyl-5- 0.00 135 0.75 0.40

oxatricyclo[4.4.0.01,4]dec-2-en-7-0l

Prior to undertaking the processing steps, data for each volatile compound were con-
firmed by normal distribution, Box-Cox test, determination of coefficient (R%) and ANOVA
(Table 4). The condition number of coefficient matrix (<10) did not indicate multicollinear-
ity. Additionally, all responses followed the normal distribution. Box-Cox test provides a
guideline for selecting the correct power law transformation. If the 95% confidence interval
around this lambda includes 1.00, it does not require a specific transformation. Table 4
shows the lambda values at the 95% confidence range, as well as the current lambda.
R-square (R?) constitutes a measure of the amount of variation around the mean explained
by the model. The ANOVA in this case confirms the adequacy of the model (p-value < 0.05)
and indicated whether the model terms were significant. Significant model terms may
have a real effect on the response.

ANOVA results showed many considerable independent SPME conditions, while
some of them could contribute in combination. At the same time, equations were developed
in terms of coded factors that can be used to make predictions about the response for given
levels of each factor. By default, the high levels of the factors are coded as +1 and the low
levels are coded as —1. The coded equation is useful for identifying the relative impact
of the factors by comparing the factor coefficients. However, these equations should be
considered with caution because it is not safe to use them as panacea for modeling future
responses. In this case, all these results are presented in Table 5.
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Table 4. ANOVA, Box-Cox and determination of coefficient (R?) of each response subjected to the model.

ANOVA (p-Value < 0.05) Box-Cox R?
Response A * B* Cc* D* E* F* CI Low 2 Current Lambda CI High ?
R1 0.19 0.50 0.40 0.35 0.60 0.00 0.26 1.00 3.02 0.988
R2 0.23 0.84 0.11 0.05 0.04 0.01 —0.04 1.00 1.09 0.979
R3 0.09 0.12 0.54 0.19 0.44 0.00 0.28 1.00 1.24 0.988
R4 0.00 0.30 0.33 0.44 0.11 0.04 —1.63 1.00 228 0.932
R5 0.09 0.53 0.73 0.36 0.17 0.07 —222 1.00 235 0.895
R6 0.00 0.53 0.00 0.64 0.74 0.00 0.33 1.00 2.35 0.997
R7 0.39 0.05 0.74 0.52 0.35 0.00 —0.79 1.00 1.23 0.978
R8 0.00 0.41 0.37 0.07 0.59 0.00 0.00 1.00 1.88 0.985
R9 0.66 0.95 0.35 0.18 0.12 0.00 0.70 1.00 2.85 0.956
R10 0.00 0.39 0.97 0.24 0.32 0.09 —-0.17 1.00 1.78 0.991
R11 0.00 0.32 0.01 0.70 0.23 0.00 —0.11 1.00 0.83 0.988
R12 0.11 0.31 0.66 0.18 0.98 0.72 —0.61 1.00 1.40 0.913
R13 0.29 0.04 0.08 0.13 0.37 0.01 0.30 1.00 2.02 0.986

2 95% confidence interval level. * A: Temperature; B: Equilibration time; C: Extraction time; D: Magnetic stirrer velocity; E: Sample volume;

F: water: honey ratio.

Table 5. Contingent combinations of the SPME conditions and final equation in terms of
coded factors.
MT? F AD DF B? D?
R1
CEP +0.69  +031  +039  +075 081
MT E F AC AF
R2
CE +0.08 +0.21 —0.13 —0.28
MT F AC AF CF DE D?
R3
CE +0.56 —0.20 +0.14 +0.20 +0.13 —0.42 —0.43
MT A F
R4
CE —0.47 +0.21
MT
R5 No significant model terms
CE
MT A C F
R6
CE +0.99 +0.53 —0.14
MT F AB AC AD BD A? E2
R7
CE —0.18 +0.10 +0.09 +0.08 —0.09 —0.06 +0.17 +0.31
MT A F AF
R8
CE —0.88 —0.12 +0.60
MT F AZ
R9
CE +0.21 —0.39
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Table 5. Cont.

MT A A?
R10
CE +0.50 —0.42
MT A C F AF
R11
CE +0.96 +0.27 +0.60 +0.40
MT
R12 ——— No significant model terms
CE
MT B F AB AF BE DE E2
R13
CE —0.09 +0.16 —0.12 +0.13 +0.12 —-0.11 —-0.21

a MT: model term; ® CE: coded equation.

After these steps, optimization models were developed based on each volatile molecule.
The results are presented in Table 6 and were evaluated by desirability indices. A high
level of ideal cases is coded as 1 and low level as zero. A predicted mean for each volatile
response is also included.

Table 6. Optimum conditions, desirabilities and predicted mean for each dominant volatile compound.

Response A* B* c* D* E* F* Desirability Predicted Mean (%Area)
R1 60 5 60 700 6 1:1 1.000 4.07 £0.36
R2 45 30 15 700 2 1:3 1.000 0.96 4 0.18
R3 60 30 15 100 4 1:3 1.000 1.63 £ 0.22
R4 60 30 15 100 4 1:3 1.000 0.85+0.19
R5 45 30 15 100 6 1:3 1.000 197 +£0.71
R6 60 15 15 100 2 1:3 1.000 12.61 & 0.64
R7 45 30 15 100 6 1:3 1.000 0.11 & 0.02
R8 60 5 15 700 6 1:3 1.000 0.64 4 0.11
R9 60 15 30 400 2 1:3 1.000 0,77 +0.23
R10 60 30 30 100 4 1:3 1.000 0.84 4 0.22
R11 60 30 15 100 2 1:1 1.000 2.48 £0.39
R12 60 30 60 700 6 1:3 1.000 1.09 £ 0.39
R13 60 30 15 700 6 11 1.000 0.98 +0.27

* A: Temperature; B: Equilibration time; C: Extraction time; D: Magnetic stirrer velocity; E: Sample volume; F: water: honey ratio.

Experimental findings showed that optimum conditions of some volatiles required
the maximum value of model terms. However, this conclusion is overturned by extraction
time and magnetic stirrer velocity. As previously described, extraction time was a signifi-
cant parameter, along with magnetic stirrer velocity, which in some cases, allowed better
isolation of some compounds [20], whilst usually shortened the equilibration time.

3.3. Optimization and Validation of Dominant Volatile Compounds

The optimum conditions proposed for dominant volatile compounds of autumn
heather honey were A: 60 °C B: 30 min C: 15 min D: 100 rpm E: 6 mL F: 1:3 (v/w). Pre-
dicted mean (% Area) was estimated for benzaldehyde (4.53%), 3,5,5-trimethylcyclohex-
2-en-1-one (0.88%), 2,6,6-trimethylcyclohex-2-ene-1,4-dione (1.64%), 2-hydroxy-3,5,5-
trimethylcyclohex-2-en-1-one (0.80%), 2,6,6-trimethylcyclohexa-1,3-diene-1-carbaldehyde
(1.29%), 4-methoxybenzaldehyde (12.21%), 3,4,5-trimethylphenol (0.12%), 1,1,5-trimethyl-
1,2-dihydronaphthalene (0.66%), (E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-
one (0.15%), (E)-1,6,6-trimethyl-7-(3-oxobut-1-en-1-yl1)-3,8-dioxatricyclo[5.1.0.02,4]octan-
5-one (0.71%), ethyl 4-methoxybenzoate (2.88%), (E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-1-
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yl)but-3-en-2-one (0.77%), and 4,6,10,10-tetramethyl-5-oxatricyclo[4.4.0.01,4]dec-2-en-7-ol
(0.97%). Moreover, the desirability of optimized model was calculated at 1.000.

The validation of the above results was carried out with a test set of 24 sam-
ples. All responses (R1-R13) were isolated in all samples with the confirmed opti-
mum conditions of the proposed method. Data mean (% Area) was estimated for ben-
zaldehyde (2.62%), 3,5,5-trimethylcclohex-2-en-1-one (6.14%), 2,6,6-trimethylcyclohex-
2-ene-1,4-dione (1.90%), 2-hydroxy-3,5,5-trimethylcyclohex-2-en-1-one (1.29%), 2,6,6-
trimethylcyclohexa-1,3-diene-1-carbaldehyde (1.75%), 4-methoxybenzaldehyde (3.62%),
3,4,5-trimethylphenol (0.98%), 1,1,5-trimethyl-1,2-dihydronaphthalene (1.21%), (E)-1-
(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one (0.84%), (E)-1,6,6-trimethyl-7-(3-
oxobut-1-en-1-yl)-3,8-dioxatricyclo[5.1.0.02,4]octan-5-one (0.60%), ethyl 4-methoxybenzoate
(0.43%), (E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-3-en-2-one (0.37%), and 4,6,10,10-
tetramethyl-5-oxatricyclo[4.4.0.01,4]dec-2-en-7-ol (0.37%).

The extraction temperature indicated a notable effect on total volatility (Figure 1). The
ideal temperature for the isolation of compounds with lower molecular weight and high
volatility was 30 °C. Contrariwise, 60 °C was better for molecules with lower volatility
(Table 6). In our case, the temperature of 60 °C was selected. Considering the above results,
the higher the extraction temperature the larger the partition coefficients of compounds [14].
Nonetheless, this relation was not linear because higher temperatures may lead to the
formation of by-products or thermal decomposition [20].
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Figure 1. Chromatograms of the same sample at different temperatures (30, 45, and 60 °C).

The equilibration time, also known as “thermostating time”, showed an uncommon
high value at 30 min. Figure 2 presents the desirability surface area of all responses.
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Due to the nature and molecular structure variability of autumn heather honey volatiles,
compounds with short equilibration time can be displaced from the headspace of the vial
gradually, by compounds with higher equilibration time. However, it is not a factor that
significantly affects the efficiency of the system [14], since it reacts with other parameters at
a relative moderate impact, as observed from the ANOVA test (Table 5).

Desirability

30

25

20

B: Equilibration time (min)

30 36 42 48 54 60

A: Temperature (°C)
Figure 2. Desirability contour of equilibration time as a function of temperature of all responses.

Extraction time is critical for the sample to establish equilibrium with the SPME fiber
coating. A typically 15 min extraction time showed a good performance. This parameter
depends on the interactions of the molecules and can be lower when using the headspace
technique and interact with high concentration samples. At the same time, it should be
considered that many volatiles encumber the overall sensitivity and drive the specific
compounds out of the fiber, which is easier to happen at prolonged extraction. On the
other side, some studies indicated that the efficiency increases together with the extension
of extraction time [14]. Obviously, the assessment is very difficult due to the intrinsic
variability of honeys.

The magnetic stirrer speed, as previously referred to by Xagoraris [20], was confirmed
to interact with most of the responses. However, this contribution is not always important
as shown by the coded equation. Although one can assume that compounds with lower
volatility require greater velocities, and in our case, 100 rpm gave satisfactory results. Thus,
maintaining consistent agitation improves the accuracy and precision of the system.

The optimum sample volume was 6 mL, while this parameter had minimum impact
on the isolation. Nevertheless, sensitivity is better when the headspace volume is small
and fiber extracts faster compounds with higher volatility [37].

Finally, the ratio of water: Honey was proven a significant parameter. Honey is
highly viscous and the addition of water enables the sample agitation, while also water
evaporation drifts more easily the volatiles from honey. However, the excessive addition of
water tends to dilute the honey reducing the concentration of specific molecules. The most
favorable water: Honey ratio was 1:3 (v/w).

Reviewing the literature, in other botanical origin honey samples, different optimiza-
tion conditions are reported. Ceballos [38] suggested the analytical conditions of the
optimized SPME method by RSM as 60 um PDMS/DVB fiber, 6 g honey, 3 mL water, and
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20% w/w sodium chloride, 20 min for thermostatic time, 30 min for extraction at 60 °C.
Plutowska [14] referenced the following conditions: CAR/PDMS/DVB fiber, 5:1 w/w
honey to water ratio, 3 g sample, equilibration time 10 min, extraction time 30-60 min, and
temperature at 60 °C. Bianchi [39] examined four different sets of conditions for volatile
fraction isolation from thistle honey. Bianchin [40] proposed a new optimization strategy
based on the use of three different extraction temperatures (60, 40, and 30 °C) followed
by equilibration time (60, 36, and 6 min), respectively, in a single assay. Robotti, [41]
reported as optimal extraction conditions for multi-floral honeys (extraction temperature:
70 °C; extraction time: 60 min; salt percentage: 27.50% w/w). Da Costa [42] reported the
optimum condition for extraction of volatile compounds were as follows: equilibration
time of 15 min, extraction time of 45 min, and extraction temperature of 45 °C.

On the basis of the above considerations, it is difficult to predict the factors that can
affect the isolation of each volatile compound of honey. In a previous study, the optimized
combination of isolation conditions of thyme honey was different with temperature (60 °C),
equilibration time (15 min), extraction time (30 min), magnetic velocity speed (700 rpm),
sample volume (6 mL) and water honey ratio (1:3 v/w) [20]. Each honey has its unique com-
position thus requiring different optimization conditions regarding volatile compounds.

4. Conclusions

In terms of this research, the volatile fraction of 25 honey samples from in-
digenous monofloral autumn heather honey was investigated. The most important
compounds indicating the botanical origin of this honey are benzaldehyde, 3,5,5-
trimethylcclohex-2-en-1-one, 2,6,6-trimethylcyclohex-2-ene-1,4-dione, 2-hydroxy-3,5,5-
trimethylcyclohex-2-en-1-one, 2,6,6-trimethylcyclohexa-1,3-diene-1-carbaldehyde, 4-
methoxybenzaldehyde, 3,4,5-trimethylphenol, 1,1,5-trimethyl-1,2-dihydronaphthalene,
(E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one, (E)-1,6,6-trimethyl-7-(3-
oxobut-1-en-1-yl)-3,8-dioxatricyclo[5.1.0.02,4]octan-5-one, ethyl 4-methoxybenzoate,
(E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-3-en-2-one, and 4,6,10,10-tetramethyl-
5-oxatricyclo[4.4.0.01,4]dec-2-en-7-ol. These compounds were identified in almost all sam-
ples in significant concentrations, with few exceptions. Obviously, the assessment of a
quantitative reference value is very difficult to be set due to endogenous or exogenous fac-
tors. Some of the above volatiles were previously reported in heather honey. However, the
autumn heather honey from E. manipuliflora has not been previously investigated. The main
volatile compounds were analyzed using a well-suited RSM methodology and predictive
models were created to evaluate each volatile separately. Moreover, preconized optimum
conditions (A: 60 °C B: 30 min C: 15 min D: 100 rpm E: 6 mL F: 1:3 (v/w)) were proposed for
all dominant volatiles. In addition, a validation set amplified the results by responsiveness.
This study reinforces the more reliable characterization of the volatile profile of autumn
heather honey, aiming at the assessment of its botanical origin. In addition, it investigates
the most common isolation factors, in terms of their ability to isolate their aroma fraction
with relative abundance.
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Abstract: Siliceous marine microfossils were unexpectedly discovered during the analysis of flower
honey samples from Poland and Tunisia. The microfossils were represented by protist with siliceous
skeletons: silicoflagellates, diatoms, and endoskeletal dinoflagellates. This is the first record of such
microfossils in honeys. Based on the high percent of anemophilous pollen grains and spores in the
sample, it was hypothesized that silicoflagellates were deposited from the air onto the nectariferous
flowers, then bees harvested them with the nectar. Based on the comparison of pollen content of
honeys and flowering calendar of Tunisia, the harvest time of honey was identified as a period
between 1 April and 31 May 2011. Trajectory analysis of air masses in this period confirmed that
siliceous microfossils could be aerosolized by wind from the rocks of the so-called Tripoli Formation
of Messinian age (6-7 Ma). Similar to the Tunisian case, the Polish trajectory simulation also supports
the hypothesis of atmospheric transport of silicoflagellates from outcrops of Oligocene age in the
Polish Outer Carpathians. In the case of diatom content of honey, however, the source can be both
natural (wind) and artificial (diatomaceous earth filters). For a correct determination, natural sources
of siliceous bioparticles, such as wind transport from nearby outcrops should be also considered.
Silicoflagellates could be used as complementary indicators of the geographical origin of honeys
collected in areas characterized by diatomite outcrops, supporting the results obtained with other
methods; thus, such indicators merit further studies within the area of honey authenticity.

Keywords: honey; Silicoflagellata; diatoms; pollen; spores

1. Introduction

The identification of the origin of food is one of the most important issues in food
quality control [1]. Depending on its geographical origin (the region where the beehives
are located and the surrounding environment), honey can acquire different characteristics
and properties. Therefore, geographical origin is an important parameter with respect to
honey differentiation and valorization.

The determination of the geographical origin of honey relies on microscopical exam-
ination of its pollen profile if it is specific enough in the area of interest. Because of the
limitations of this method (being expensive, time-consuming, and strongly dependent on
the qualifications and judgement of the analyst), there is a tendency to replace pollen anal-
ysis by finding other markers for honey discrimination. Minerals and trace elements [1],
and fungal spore content [2] are some of the parameters that have been examined for the
recognition of the origin of honeys. However, when microscopical analysis of honeys is
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performed, one can see a great variety of particles, other than pollen grains or spores. Some
of them belong to insect parts, most commonly bee hair, tracheae and, especially in Pinus
honeydew honeys, wax produced by Pseudococcidae. Surprisingly, some particles come
from microfauna as well (Acari, Rotifera, eggs of Tardigrade). Plant trichomes, starch, and
phytoliths are also common components of honey samples. As a sign of human activity,
microplastics can also be observed in honey under the microscope. These particles are often
overlooked during the routine melissopalyonolgical analysis of samples. As no attention is
paid to them, they remain unidentified, although they would be useful in the analysis.

During our research to find new indicators of the origin of the honeys, unusual multi-
radiate structures were found in honey samples that originated from Poland and Tunisia.
Therefore, we aimed to identify these particles and other accompanying components in
honey to find any indication of their origin.

2. Materials and Methods

The honeys were purchased from food shops in Poland (according to the information
on the product label, the honey was harvested from Fagopyrum esculentum in Stréze, near
Nowy Sacz, 2013) and Tunisia (mixed floral honey, Nabeul, 2011). Ten grams were taken
from 250 g of previously homogenized honey, dissolved in 20 mL of distilled water at 40 °C,
centrifuged for 5 min at 2500 rpm, and allowed to settle. The sediment was recovered in
10 mL of distilled water and again centrifuged. The sediment was then collected with a
Pasteur pipette and dried onto microscope slides at 40 °C. It was then mounted in glycerine-
gelatine and covered [3,4]. The entire surface of the preparation was scanned under 600 x
magnification of an Olympus CX 31 microscope. Preliminary identification indicated that
multiradiate particles may belong to extinct microscopic organisms, occurring as fossils.

To see the frequency of occurrence of these particles, we studied samples from a
collection containing 106 honeys, prepared according to the method mentioned above.
These samples were listed in the Supplement 1 with their collection code, type, botanical
origin, and location.

Because the Polish (P) and the Tunisian (T) honeys were particularly rich in the
investigated multiradiate particles, further analyses were performed. To identify the
geographical origin of the multiradiate particles, a combination of methods was applied.
First, fungal spore and pollen composition were determined.

Among fungal spores, honeydew indicators were not found [2], but indicators of floral
origin (Metschnikowia reukaufii, P,T) and common airborne fungi were present (Alternaria sp.
PT, Aspergillus/Penicillium P,T, Bipolaris spicifera T, Botrytis sp. P, Chaetomium sp. P,T, Cladospo-
rium spp. P,T, Coprinus sp. BT, Curvularia sp. T, Diplodia frumenti T, Drechslera biseptata T,
Drechslera/Helminthosporium T, Ellisembia sp. T, Epicoccum nigrum P,T, Ganoderma sp. P,
Leptosphaeria spp. P, Melampsoridium sp. T, Paraphaeosphaeria michotii P, Periconia sp. T, Per-
onosporaceae P, Pithomyces chartarum T, Polythrincium trifolii P, Pucciniaceae T, Rhizopus sp. T,
Stemphylium sp. P,T, Telephoraceae P, Torula sp. BT, Trichothecium roseum P, Tripospermum spp.
P, Ustilaginomycetes PT, other Ascomycota). Pollen content was expressed as percentage of
pollen grains (N = 300) [5]: P: Brassica 34%, Centaurea cyanus 5%, Fagopyrum 5%, Trifoliun 2%,
Ericaceae and Tilia < 2%; T (in descending order of frequency; data are shown on Figure 1):
Poaceae spp., Brassicaceae (Brassica cf. napus), Eucalyptus sp., Myrtus sp., Acacia sp., Ericaceae
sp., Carex sp., Caryophyllaceae, Chenopodiaceae, Compositae-Tubuliflorae, Trifolium sp.,
Umbelliferae, Vicia sp., Zea mays, Boraginaceae, Compositae-Liguliflorae, Convolvulus sp.,
Echium sp., Labiatae, Polygalaceae sp., Rumex sp. [6,7]. Percentage of pollen grains also
showed that dominant taxa are anemophylic.
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Figure 1. Combined aerobiological and phenological calendar of pollen taxa found in Tunisian honey. : Flowering time

from aerobiological data [8] covering northern Tunisia shown in green; deep green indicates the main pollination period.
b: Flowering time from another aerobiological dataset [8] covering Tunisia shown in red. Dark shades mean flowering
peaks, according to the original illustrations. ©: Flowering time from phenological data [9] shown in yellow. ‘Pollen taxa %’
means the relative abundance of pollen taxa in the Tunisian honey. In [8], taxa are referred to as: Amaranthaceae (instead
of Chenopodiaceae), Erica (instead of Ericaceae), Borago (instead of Boraginaceae), Brassicaceae (instead of Brassica cf.
napus), and Myrtaceae (instead of Myrtus), in [10]: ‘Graminees’ (instead of Poaceae), ‘Myrtacees” instead of Myrtus), in [9]:
Eucalyptus gomphocephalla (instead of Eucalyptus). Polygalaceae, found in low numbers (<0.5%) are not shown, as flowering
data is not available for this region.

Consequently, we hypothesized that multiradiate particles found in the honey samples
might also have airborne origin. To test this hypothesis, we searched for the possible
source of multiradiate particles. The source of airborne particles can be identified with
the calculation of wind trajectory of air masses carrying particles from long distances.
An important information for calculations is the time (year and month) of honey harvest.
However, in case of the Polish honey, only the year (2013) was known. Harvesting period
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was determined to be July-August according to the blooming of Fagopyrum esculentum [11].
In the case of Tunisian honey, the year 2011 was shown on the product’s label. The
month of acquisition was known as well (31 July). Therefore, the month of harvest had
to be identified. With this aim, a forensic palynological method was used [12,13]. To
collect information on pollination of local melliferous plants, phenological calendars were
reviewed [9]. Because the dominant pollen taxa in the honey belonged to anemophilous
plants, data from aerobiological literature were also considered [8] (data from the year of
2011) [10]. Number of pollen taxa found in the honey was summarized by month and
illustrated on a histogram (Figure 1). According to this analysis, the honey was most
probably harvested during the months of April and May.

To investigate whether atmospheric conditions supported the transport of aerosol
particles from the suspected source area to the harvesting region, an atmospheric dispersion
model was applied for the flowering periods (P: July-August 2013, T: April-May 2011). The
dust emission flux was estimated to be a cubic function of the friction velocity, according to
the dust emission model presented by Bagnold [14], discussed more recently by Xuan [15],
and applied as described in a previous study [16]. The threshold friction velocity was set
to 0.5 ms~!, a medium value within the range of experimental results of Marticorena and
Bergametti [17]. If the friction velocity was higher than the threshold friction velocity and
no precipitation occurred, 1000 particles were released in every hour from each of 20 levels
between 1-1000 m above ground; and their atmospheric trajectories were simulated for
48 h. Meteorological data was obtained from the GDAS FNL (Global Data Assimilation
System—Final Analysis) database [18] with 3 h temporal and 0.25° spatial resolution.
Atmospheric dispersion was simulated with the Lagrangian particle dispersion model
RAPTOR that calculates advection, turbulent dispersion, and deposition [19,20]. As the
extent and amount of mobilizable dust is unknown, sensitivity maps were produced with
unit m~3, normalized to a total sensitivity of 1 over the entire domain. This way, the spatial
and temporal pattern of the dispersion could be investigated while the amount of deflated
dust remains unknown.

3. Results and Discussion

Our investigations have shown that honey from Tunisia (T), Morocco (M), Africa (A),
Greece (G) Poland (P), and Romania (R) contained silica skeletons of planktonic marine
Silicoflagellata belonging to Dictyocha fibula (T), Distephanopsis crux (T), Stephanocha speculum
(A,G,PR), Stephanocha cf. speculum (M), Stephanocha speculum speculum (T), Stephanocha
speculum speculum f. notabilis (T) (Figure 2, Table 1). Diatoms, e.g., Actinocyclus divisus,
Coscinodiscus marginatus, Coscinodiscus (?) sp., Fragilaria (?) sp., Hantzschia amphioxys,
Mastogloia (?) sp., Melosira sp., Nitzschia (?) sp., Thalassionema nitzschioides, and very
rare endoskeletal siliceous dinoflagellates belonging to Actiniscus pentasterias were also
found (Figure 3, Table 1). To our knowledge, this is the first record in the literature of
silicoflagellates and other protists with siliceous skeletons occurring in honey.

Silicoflagellates are planktonic marine chloroplast-bearing protists with a flagellum
and a siliceous skeleton formed of distally closed hollow bars known to have existed
starting from the mid-Cretaceous (Albian) to recent. Their skeletons usually comprise 1-2%
of the siliceous component of marine sediments [21] and in some cases,